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PREFACE 


DuRING the past twenty five years our knowledge of the structure and 
properties of atoms and molecules has been increased considerably by the 
progress made in both the theoretical and experimental methods of approach 
to the problems involved. The introduction of wave mechanics has 
permitted the development of theories of atomic and molecular structure 
which have placed on a theoretical basis such fundamental concepts as the 
spatial configuration of atomic orbitals, the nature and directional charac- 
teristics of bonds between atoms in molecules and the mechanism of 
chemical reactions. However, calculations of bond strengths and distances 
and of activation energies are possible only with the simplest systems and 
perhaps the greatest contribution of wave mechanics to chemistry up to 
the present has been the introduction of ideas which, by general application 
to the experimental data for complex molecules, has increased considerably 
our understanding of the structure of such molecules and the reactions which 
they undergo. Therefore it is necessary that in any treatise on molecular 
structure, the theoretical and the experimental aspects of the problem 
should be considered side by side. This is what the authors have attempted 
in this book. In the early chapters the wave mechanics of simple atoms 
and molecules are discussed ; all the mathematical derivations are collected 
in the last three chapters of the book apart from the Heitler-London 
treatment of the homopolar bond, which the authors consider should be 
familiar to all who desire to understand the present position regarding the 
theory of the chemical bond and which is presented in a form such that 
the necessary approximations and simplifications may be appreciated 
readily. The later chapters are confined to a survey of the experimental 
data relevant to a study of molecular structure and to the theoretical 
conclusions which may be drawn therefrom. 


The translation is based on the Russian edition published in 1946 and 
during the course of the translation it became evident that some revision 
of the original text was desirable. Such revision has been made only where 
it is apparent that advances in the subject, made since the publication of 
the original work, have extended or necessitated a modification of the views 
put forward by the authors. We feel that it is desirable to state which 
parts of the original text have been so revised. In Chapter 2, the expanded 
form of the periodic table has been included along with the Mendeléef 
form and the section on the synthesis of new elements rewritten. In 
Chapter 5, the section on cyclo-octatetrene has been rewritten. Chapter 7, 
dealing with molecular orbitals, has been almost entirely rewritten and we 
wish to acknowledge our indebtedness to the published work of Professor 
C. A. Coutson which was of great assistance to us. In Chapters 8 and g, 
recent data collected by Dr A. G. Gaypon has been incorporated and the 
discussion extended or rewritten where necessary to conform with the new 
data. The sections on the hydrogen bond in Chapter 12 have been revised 
and extended. Chapter 15, on the boron hydrides, has been almost 


Vv 


THE STRUCTURE OF MOLECULES 


entirely rewritten and the structures proposed by Dr K. S. Pitzer given 
in addition to those put forward by the authors. In making these modi- 
fications, which we hope will have improved the value of the book, we 
have always attempted to conform as far as possible with the authors’ 
general method of treatment, as indicated in the original work. Figure 5 
was reproduced from Physical Rertew by permission of Professor H. E. 
WuitEe and Figure 25 was reproduced from Quarterly Reviews by permission 
of Professor C. A. Coutson and of the Council of the Chemical Society, 
London. 


We wish to acknowledge our thanks to Mr G. StanLey Ssrru for the 
loan of his copy of the Russian text, to the Commonwealth Fund for a 
Fellowship to one of us (D. O. J.) during part of the tenure of which the 
translation was largely carried out and to Mr D. R. Rexwortny and the 
editorial staff of Butterworths Scientific Publications for their most helpful 
cooperation. 


November 1949 Monica A. PARTRIDGE 
University of Nottingham 


D. O. JoRDAN 


Princeton University, NF. 
University of Nottingham 
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THE HYDROGEN ATOM 


RUTHERFORD-BOHR THEORY OF ATOMIC STRUCTURE 


THE progress in atomic physics that occurred at the end of the nineteenth 
and at the beginning of the twentieth centuries led to the conclusion that 
the atom is not an indivisible unit, but consists of a positively charged 
nucleus, having dimensions of the order of 10~!? to 107! cm, in which is 
concentrated the greater portion of the mass of the atom, and electrons which 
are particles possessing unit negative charge e, equal to 4:779 X 1071 e.s.u 
and a mass of 9:1 X 107-78 gm. The atoms of the various elements differ 
from one another in mass, in the magnitude of the nuclear charge and, since 
the atom is electrically neutral, in the number of electrons. The suggestion 
that the positive charge on the nucleus, expressed as an integral multiple 
of the unit charge e, represented the atomic number was first made by 
VAN DEN Broek. The importance of this suggestion was quickly realized 
and the first experimental evidence in its favour was given by MOsELy’s 
investigation of the x-ray spectra of the elements ; it was directly tested by 
GEIGER and MARSDEN and later and more accurately, by CHADWICK, using 
RUTHERFORD’S law for the scattering of a-particles by thin metal foils. 

The nuclear theory of atomic structure, put forward by Rutherford, 
regarded the electrons as moving in orbits round the nucleus. The dy- 
namical theory of this system was developed by Bonr, who found it necessary 
to supplement classical mechanics by the quantum mechanics of PLANCK. 
According to classical theory, a system consisting of an electron moving in 
a circular orbit round a nucleus, to which it is attracted according to 
Coulomb’s law, would lose energy, with the result that the electron would 
approach and finally collide with the nucleus. Thus on the basis of 
classical theory, the Rutherford atom would only be stable for about ro-4 
seconds, after which time the electron would have fallen into the nucleus. 

The experimental foundation of the quantum theory of atomic structure 
as put forward by Bohr, lies in the stability of the atom and in the existence 
of discrete energy levels and the ability of the atom to absorb and emit 
energy only in quanta, as demonstrated by the discontinuous nature of 
atomic spectra and by the critical potential measurements of FRANCK and 
Hertz. Bohr postulated that the atom could only exist in a limited 
number of orbits or stationary states, which were defined by the quantum 
condition that the angular momentum mur can assume only certain limited 
values which are given by the expression 


mer = nh/2r ree © oe 
where m is the mass and v the angular velocity of the electron, r is the radius 
of the orbit, 4 is Planck’s constant equal to 6-6 x 1072? erg sec and n is 
a positive integer. ‘The rotation of the electron in the closed orbits does 
not involve the loss of energy and for these selected orbits, to account for 


the stability of the atom, the inward coulombic attractive force is equated 
to the outward centrifugal force 


e2/r? == mu2/r saute?) 


From equations 1.1 and 1.2 we have the following expression for the radius 
of the permitted orbits 


r= n*h?/477%¢2m bsvew (eS) 
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Thus r is proportional to n? and the radius a of the first orbit, n = 1, is 
given by 
a = h*/4n2e2m = 0:528 X 107-8 cm pn24 (0A) 
The radius of the second orbit, n = 2 will be 4a, the radius of the third 
orbit, n = 3 will be 9a etc. 
The potential energy V of the system is the work done in bringing the 
electron from infinity to a distance r from the nucleus, thus 


v2 2 
v=|Sa=-! w+ (1.5) 
The kinetic energy 7 of the atom will be 

T = mv?/2 .... (1.6) 

which in combination with equation 1.2 gives 
T = e?/2r pail Ve9) 

Thus the total energy of the atom is given by 
EF=V+T7= — e/2r = — anre4m/[n?h? .... (1.8) 


On passing from an outer orbit with energy £, to an inner orbit with 
energy £, an electron will emit a quantum of radiation with energy 


E, — Ey = Av = 224m (1/n? — 1/n3) /h? see (1:9) 
where v is the frequency of the emitted radiation. We may therefore 
write 1/A = v = Ry (1/ni — 1/n3) sau ( TO) 


where Ry = 27%e4m/h®c and is known as the Rydberg constant, c is the 
velocity and A the wavclength of light, and v is termed the wave number. 

The success of the Bohr theory lay in the fact that formulae 1.9 and 1.10 
were in excellent agreement with experimental data. Thus, for example, 
the theoretical value of the Rydberg constant is.109677-76 cm—1, compared 
with the experimental value of 109678-18 cm7?. 

The application of the quantum theory to the hydrogen atom leads to 
the introduction of the quantum number n, on the value of which the 
energy of the atom depends. The treatment of Bohr was developed by 
SOMMERFELD to account for the fine structure of the lines in the spectrum 
of hydrogen and other elements. As a result of this treatment, the electrons 
were considered to be rotating in elliptical as well as circular orbits, which 
could be oriented with respect to each other in 2 magnetic field. In place 
of the single quantum number used in the Bohr treatment, the atom was 
defined in terms of three quantum numbers, n, / and m, where n is now 
termed the principal quantum number, / the azimuthal quantum number 
which determines the value of the angular momentum, and m defines the 
orientation of the orbit relative to the direction of a magnetic field. 

The theory of Bohr and Sommerfeld has been applied extensively to 
atomic spectra with considerable success, but it has proved of little use 
when applied to molecules and the problem of the chemical bond ; attempts 
by Pauti! and Niessen? to apply the theory to the simplest molecular 
system i.e. the hydrogen molecule ion were unsuccessful. This stable 
molecule, which has a bond energy of 61 kcal/gm mol, was shown on the 
basis of the Bohr-Sommerfeld theory to be unstable. More recently, 
defects have become apparent in the application of this theory to atomic 
spectra. 
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The weakness of the Bohr treatment lies in the attempt to combine 
quantum and classical theories and in particular in the attempt to apply 
the laws obeyed by macroparticles to the very small particles that occur in 
atoms. Instead the quantum condition of discrete energy levels should be 
derived directly from a general theory ; such a theory has been produced 
on the basis of wave and quantum mechanics through the work of 
DE BROGLIE, SCHRODINGER, HEISENBERG and Dirac. 


MATTER AS WAVE MOTION 


The development of wave mechanics has been made possible through the 
introduction by de Broglie of a new principle dealing with the wave 
character of matter. The basis of this principle is the recognition that 
different interpretations are appropriate to different kinds of measurements ; 
thus atoms and electrons which have hitherto been regarded as discrete 
particles are considered to possess a dual character, in the sense that they 
may possess both corpuscular and wave properties. A duality of a similar 
kind had been revealed earlier in studies on the propagation of light. 

The theory of the propagation of light has passed through several stages 
during its development. Newton first conceived light as consisting of a 
collection of corpuscles obeying the laws of mechanics, but studies of 
such phenomena as reflection, dispersion, refraction, interference and 
diffraction led to rejection of this theory in favour of the electromagnetic 
wave theory of light. This concept assumes that radiation consists of a 
wave motion with electric and magnetic vectors at right angles to each 
other and to the direction of the wave, and that matter contains particles 
which are electrical in character and in which electrical dipoles are pro- 
duced by the passage of the wave. Other phenomena, however, which 
were first investigated at the beginning of the twentieth century and which 
were associated with the absorption and emission of light by matter, were 
found to be incompatible with a wave theory. Examples cf such phenomena 
are the photoelectric and Compton effects which can be explained only 
by assuming that radiation consists of a stream of particles or light quanta, 
photons, the energy of each quantum being Av where A is Planck’s constant 
and v ts the frequency of the radiation. 

A survey of all the available experimental data thus shows that some 
phenomena, such as diffraction and interference, can only be explained on 
the basis of the electromagnetic wave theory, whereas other phenomena, 
the most important being the photoelectric effect, require a corpuscular 
theory of light. Although this duality was recognized for phenomena 
associated with the propagation and absorption of light, it was not until 
de Broglie put forward his views, that electrons and other atomic particles, 
the corpuscular nature of which was supported by a considerable amount 
of physical and chemical experimental evidence, were considered also to 
possess wave properties. 

De Broglie suggested that with every moving particle there is associated 
a wave motion of wavelength A, which is related to the mass m and velocity 
v of the particle by the relation 


A = A/mv sxeital( AbD) 


Experimental evidence was obtained by Davisson and GERMER in 1927 
and later by THomson which supported the de Broglie relationship. These 
authors showed that crystals diffracted a beam of electrons in exactly the 
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Table I. ; Comparison of Values for same way as a beam of x-rays is diffracted 
nteratomic Distances and, furthermore, that a comparison of lattice 
distances, calculated from electron diffrac- 


Interatomic distance A tign data assuming equation 1.11 with values 


Supstance X-ray | Electron Obtained by x-ray diffraction, showed excel- 

diffraction | diffraction lent agreement (Table I). ‘These data clearly 

anal eee aa ee indicate the wave character of electrons as 

: lanai iy A Ree well as confirm the correctness of the de Broglie 

Plann 3-91 3°89 iets ee oe Le aes ay 

Lead 4°92 4°99 STERMAN an TERN nave snown that tnis 

Iron 2°87 2-85 relationship also applies to the diffraction of 

ae 4°08 | ah a-particles (helium ions, Hett+) the mass 
opper 3:60 3°66 ea ‘ : 

Tin 86 > 86 of which is 7,360 times that of the electron. 


Thus it would appear that the de Broglie 
relationship is applicable to all particles, but it is seen in Table // that the 
wavelengths for particles with large masses are extremely small and for a 
particle of mass 1 gm the de Broglie wavelength is 6-6 x 1072? cm which 
would require for its ex- Table IL 
perimental determina- 
tion adiffraction grating 


Wavelengths Associated with Various Particles 
Calculated from the de Broglte Equation 


with rulings 10724 cm Particle Alass belocity de Kroglhe 
apart, whereas in crys- em cm] sec iequetengt 
tals the distance between ne oh mae a —— --- +--+ ~~ ---—- 
° 7 ow electron x 107 1 "27 
the atomsis of the order Spwelcron 2. Gs aout ee Pfete 
of 1078 cm It is thus Electron accelerated by poten- 
: : tialofevolt .. ins 9 x 10778 | 5-94 X 10” 122 X 107’ 
evident that the wave HES oe by poten- : 
. ul ~~ = 6 : . -8 
properties of large par- tal of roo volt 9 X 10 5:94 X 10 122 X 10 
1 a-Particle aceclerated by 
ticles are never observed. potential of rvo volt 6:6 x 10774 | 6-94 x 10° 1-43 X 1077 
It is therefore NnecesS- a-Particle from redium 6-6 x 107% 1°51 X 10? 6-56 x 107!'? 
Particle of & gm moving at 
Sary to formulate a velocity § cnfsee as 1 1 66 x 107?? 
Tennis ball S32 ait 46 2,500 5-71 X 1077? 


mechanics of particles 
in such a way as to 
conform with the wave properties of atomic particles and at the same time | 
to be applicable to large particles, being converted into classical mechanics 


in the process. 


THE WAVE EQUATION 


The idea of a wave may be illustrated by considering a stretched string or 
the surface of a liquid : if any part of the string is displaced, then a wave 
is propagated along the string and the string vibrates ; similarly if a stone 
is dropped into water, water waves will travel outwards radially from the 
centre of the disturbance. All wave motions have two important properties 
in common : the disturbance travels through the medium without giving 
to the medium as a whole any permanent displacement, and energy is 
transferred from onc point to another. Thus if at a given point there Is 
a fluctuating particle, then this fluctuation is passed on from one particle 
to another, so producing the wave. 

In order to study the laws of wave propagation it 1s necessary to con- 
sider not only the disturbing force, but also the restoring force which tends 
to return the oscillator to its original position. The simplest kind of wave 
is that in which the restoring force is directly proportional to the displacement, 


F = —kyp Sit Veke) 
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and is termed the harmonic wave. In equation 1.12, # is the displacement 
and k the proportionality constant which is numerically equal to — F for 
unit displacement. The negative sign indicates that the restoring force 
opposes the displacing force. 

According to Newton’s laws of motion 


md*/di® = F va = (1-18) 


where m is the mass of the particle being displaced. It follows from 
equations 1.12 and 1.13 that 


md*p/dt? = — ky aoa (1.14) 
In a harmonic wave the wave profile is a sine or cosine curve, thus we 
may write 
y = asin wt ee ChehS) 
where w is the angular velocity, ¢ is the time and a is a constant. From 
equation 1.15 we obtain 


dip/dt = aw cos wt dal lytO) 
and 
d*h/dt? = — aw sin wl saree er 7) 
From relationships 1.14, 1.15 and 1.17 it follows that 
md*p/dt? = — maw? sin wt = — kb = —kasinwt ....(1.18) 
and hence 
w = (k/m)t isa (1s16) 
When equation 1.19 is substituted in formula 1.15 the expression obtained 
wb = asin (k/m)? ¢ ». (1.20) 


must satisfy the condition for harmonic motion. 
In a similar manner we have the solution for the cosine curve that 


wb = bcos wt aul ToT) 


The linear combination of the solutions 1.15 and 1.21 given above will 
also be a solution of equation 1.14. This is an example of the principle 
of superposition, which states that when all the relevant equations are 
linear we may superpose any number of individual solutions to form new 
functions which are themselves also solutions. The use of this principle is 
fundamental in the wave mechanical treatment of molecules and it will be 
discussed later. The linear combination here is 


yy = asin wt + bcos wt 1... (1.22) 
which, on differentiation with respect to ¢, gives 
d*/dt? = — w* (asin wt + 6 cos wt) 
Substitution for w from equation 1.19 and combining with 1.22 gives 
md*s/dt® = — kp seen ( 104) 


This solution may be written in the alternative form ~ = A exp (iw!) or 
y = B exp (— tw) or in the general form 


yo = Aexp (twt) + Bexp ( — tw?) acne (23) 
That this is so may be shown by following the same steps as employed in 
the solution of equation 1.15. The introduction of this form of solution, in- 


volving the unit of imaginaries 1 = 4/—T, is in certain circumstances 
more convenient. 
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In a general harmonic wave the displacement y¥ is not necessarily zero 
when ¢ = 0, as indicated by equations 1.15 and 1.21. Thus the general 


solution will be 
yy = acos (wt — ¢) »...(1.24) 


where ¢ is a constant. When ¢ = ¢/w, cos (wt — ¢) will be unity and 
will have a maximum value equal to a. This maximum value of the dis- 
placement is termed the amplitude. Since w is the angular velocity, the 
frequency v will be given by v = w/2m. The reciprocal of the frequency, 
I = 1/v is termed the period of the wave. If the velocity of propagation 
of the wave is c, then a point situated a distance A =c I’ from the initial 
displacement will vibrate in the same phase. The distance A 1s termed 
the wavelength. 

In order to obtain the equation of wave 
motion let us consider a lateral vibration with 
. amplitude a@ which is transmitted from A in 
the direction B (Figure 1). A point M, situated 
Zi , a distance x from A, will after a period of time 
ee ‘ae t, beat M,. The distance MM, = . If the 
PIG tn ete 4 time taken for the wave to travel from A to M 
sane is r, then the time of oscillation of the point M 

is ¢ — 7 and the equation for the wave becomes 


M, 


yy = asin 27v (t — 7) sé oe( 1926) 
but + = x/c, hence 
Yb = asin 2m (vt — vx/c) = asin 2m (vt — x/A) .... (1.26) 
which on differentiation gives 
db /dx? = — gr2b/A2, d2y/d312 = — 4n*® v2 ».. (1.27) 
and 
d2yb/dx2 = (1/c?) d2h/d2? .... (1.28) 


It is possible to generalize equations 1.27 and 1.28 to deal with plane 
waves in three dimensions. We then obtain 


ay Dy Mb _ oy 1 OY 


a a =o —— ake Ls 
dx? oy? 02" c2 a2 ( 29) 


dy ob 02 4m 
52 ee ae »..+(1.30) 
This is the equation of wave motion. V# (read as ‘ del squared ’) is the 
Laplacian opcrator and represents 
>? o? do? 
det F ye TOZ2 


and 


THE SCHRODINGER WAVE EQUATION 
The wave mechanical treatment of atoms may be carried out in various 
ways, differing in mathematical complexity, but leading to the same 
general conclusions. We shall employ the methods of Schrédinger, not 
because they are superior to the treatments of Heisenberg and Dirac, but 
because of their rclative mathematical simplicity. 
The basis of wave mechanics is the wave equation of Schrédinger which 
can be obtained by the combination of the de Broglie relationship 
A = h/mv we ee (TTT) 
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with the equation of wave motion 1.30. The velocity v in equation 1.11 
is first expressed in terms of the total energy £ and the potential energy V 
Thus the kinetic energy is given by 


T = E — V = mv?/2 ee 13) 


v= [2 E-¥) jee (1.32) 


which on substitution in relationship 1.11 gives 
aa ane Le 
V/2m (E — V) .. 2. (1.33) 
Substitution of this expression for A in the equation of wave motion 1.30 
then gives the Schrédinger wave equation 
Vy Wh wh  Sx2n 
sete tia t qr (E—Vye=0 oo. (134) 


The steps leading to equation 1.34 must not be regarded as a rigorous 
derivation of the Schrédinger equation, since we have employed an 
equation of classical mechanics to obtain a wave mechanical expression 
from which the quantum condition of discrete energy levels may be 
devised. 

In the equation of wave motion 1.30 the quantity yw referred to the 
amplitude of a wave ; no such simple idea can be attached to y in the 
Schrédinger wave equation 1.34, however, and before proceediug further 
we must consider the physical significance of this quantity. The wave 
equation may be applied to the hydrogen atom by substituting the approxi- 
mate value of the potential energy V in equation 1.34 ; the hydrogen atom 
consists of one electron with a charge — e, rotating about a proton with a 
charge + e and thus the potential energy of the system is given by 


whence it follows that 


V = — e*/r where r is the distance between the electron and the proton. 
The Schrédinger equation for hydrogen is therefore 
Sr2 2 
Ved + ar (E+S)y=0 +66 (1.35) 


The solution of this equation gives # as a function of r. Thus, in general, 
y will be a function of the coordinates of the space in which the electron 
moves, but we still cannot assign any particular physical significance to . 
However, an analogy is found in optics where the intensity of a beam of 
light, which may be defined as the number of photons crossing unit area 
in unit time, is proportional to the square of the electric vector. Ina 
similar way we may regard ys? as a measure of the intensity of the electron 
wave or alternatively we may regard dr, where dv is the element of 
volume dxdydz, as indicating the probability that the electron will be 
situated in the element of volume dr, i.e. that the coordinates of the electron 
lie between x and x + dx, y and y + dy and z and z+ dz. It would be 
more correct to write y* or |%?| in place of ~?, where ¥* represents the 
complex conjugate of y. This is due to the fact that % may be partly 
imaginary. Thus, if we have » = a-+1b where i = of —1, then ¢* 1s 
a—ib. The product #* = (a + ib) (a — ib) = a? + Bb? is real. On the 
other hand, $? = (a + 1b) = a? +- 21ab — 6? is still imaginary because of 
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the term 27a). In the treatment given here we shall confine ourselves to 
instances where ¢ is real, and py* = WP. 

This interpretation of # gives a different picture of the electron rotating 
about the nucleus compared with that of the Bohr theory. The electron 
is clearly not localized and may be found in any element of volume around 
the nucleus according to the varying probability of the different positions. 
If the probability of finding the electron in a certain position in space is 
one in ten, then in its motion about the nucleus the electron will exist in 
that position for one tenth of a given period of time ; for the remaining 
nine tenths of the time it will be found in other positions. We may alter- 
natively consider the electron as ‘ smeared’ over the whole of space in an 
uninterrupted cloud. Then if the probability of locating the electron in a 
given element of volume is one in ten this indicates that there is present 
in this volume one tenth of the electron cloud and therefore one tenth of 
the total electronic charge. Thus the charge is proportional to the density 
of the electron cloud at any particular point. 

It is possible to show that the attempt to localize the electron, as in the 
orbit of the Bohr theory, encounters insurmountable difficulties. In order 
to locate the electron orbit it is essential that at least two points on the path 
of the electron be fixed, thus it may be considered necessary to ‘ illuminate ’ 
the atom with light, which will have a wavelength of the same order of 
magnitude as the dimension of the orbit 7.e. 10-8 cm. Taking the velocity 
of light as 3 x 10!®°cm sec“}, the energy of one quantum is F = Nhv = 
285,000 kcal/gm atom. ‘The ionization potential of hydrogen, however, 
is only 312 kcal/gm atom and hence, on illumination, the atom receives 
Q13 times as much energy as is necessary to produce ionization and therefore 
instead of ‘ seeing’ the electron and locating its position the electron is 
expelled from the atom. 

This illustration may be regarded as an example of Heiscnberg’s Un- 
certainty Principle, which can be stated in the following form : ‘ The more 
accurately the velocity of an electron is defined, the less certainly 1s its 
position known and, conversely, the more accurate the definition of the 
position of an electron, the less precise is the value of its velocity ’. Expressed 
mathematically this becomes 

v >k/ Ax i.e oh 1096) 
in which the velocity has a value between v and v + Av, aid the position 
of the electron is between x and x + 4x. The proportionality constant & 
is found to be equal to h/m and hence 


AxAv > h/m ....(1.37) 


This principle enables us to pak | an appreciation of the relationship 
which exists between wave mechanics and classical mechanics. The right 
hand side of equation 1.37 is inversely proportional to m and hence for a 
very heavy particle A/m is very small, which makes it possible for the 
product 4xJv also to be very small. Under such circumstances it is there- 
fore possible that both 4x and 4y may be small and hence both the velocity 
and the position of the particle may be known with certainty. This applies 
in classical ee When, however, m is very small as for atomic 
particles, h/m is large and thus either 4x or Av but not both may be small 
and hence the position and the velocity cannot at the same time both be 
known with certainty. This is true for the mechanics of very small particles 
1.¢€. Wave mechanics. 
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The physical interpretation of %? given above carries with it the im- 
portant restriction that the summation of the probabilities of finding the 
electron at a particular point over the whole of space must be unity. 
Although y? is only proportional to the probability of locating the electron 
in a particular position it can be made the absolute probability in the 
following manner. For any solution ~% of the wave equation we may 
obtain other solutions by multiplying % by a constant c. Thus cy is a 
solution, if % is a solution. This constant may now be fixed in order to 
make ? the absolute probability. The total probability of finding the 
electron somewhere in space will then be unity 2.e. 


[P[tens Yann dedde = [ pdr =1 (1.38) 


This process 1s termed normalization to unity. 

The Schrédinger equation is of such a form that the solutions % have 
significance only for certain values of E, a result which is analogous to 
that obtained with the equation for the vibration of a stretched string 
where only those vibrations are possible which have a whole number of 
semi-waves placed along the string. Thus the wavelength is fixed by the 
relationship A/2 = L/n where A 1s the wavelength, L the length of the 
string and n = 1, 2, 3 etc. In the Schrédinger equation, for each value of 
E there occur one or more values of y% which are the solutions of the 
equation and as with the stretched string, it is found that these values of E 
are integral multiples of the lowest value. Thus the quantum nature of 
energy which was assumed in the Bohr theory appears in wave mechanics 
as the natural result of the solution of a mathematical problem. Schrédinger 
appreciated this advantage of wave mechanics over Bohr’s quantum 
mechanics and has stated® 

In this respect I wish to point out, first for the simplest case of the hydrogen atom, 
that the usual rules of quantum mechanics may be replaced by another postulate in 
which there is no inention of whole numbers. The introduction of quantisation then 
follows naturally as, for instance, in the solution of the problem of a vibrating string 
when the number of nodes must be a whole number. The new conception may be 
generalised and touches I believe, very deeply, the true nature of quantum laws. 


SOLUTION OF THE WAVE EQUATION FOR THE HYDROGEN ATOM 


The solution of the Schrédinger equation for the hydrogen atom given 
in Chapter 18 leads to the conclusion that the energy of the atom may only 
have certain values which are given by an expression identical with that 
derived by the methods of Bohr. The theoretical calculation of the 
Rydberg constant follows in exactly the same way as in the Bohr treatment. 
The various values of E obtained from these solutions give the possible 
energy levels (eigen values) corresponding to the various permitted states 
of the atom. For,each state there exists also the appropriate wave function 
(eigen function) describing the behaviour of the electron in the atom. With 
a knowledge of these functions it is possible to determine the probability 
of finding the electron at different points in space and thus to imagine the 
existence of an electron cloud around the nucleus corresponding to the most 
probable positions of the electron for a particular atomic state. When the 
atom possesses the minimum possible energy it is in its ground state ; 
higher values of the energy correspond to the possible excited states of 
the atom. 

The Schrédinger equation shows that the state of the electron in the 
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hydrogen atom is expressed in terms of three quantum numbers an, /, and m 
which correspond to the three degrees of freedom of movement in space. 
The quantum number n, termed the principal quantum number, may 
have any positive integral value which determines the energy of the electron. 
For a given value of n, the azimuthal quantum number / may have any 
integral value between o and n—1. For a given value of / the third 
quantum number, the magnetic quantum number m may have any integral 
value from-+/to —Jte.+2,+1—1,+1—2,..... + 2,+ 1,0,—1,— 2, 
ata teste , — 1; the total number of such values being 2/ + 1. 

In wave mechanics the quantum numbers n, / and m, are obtained 
directly from the theory. In the Bohr treatment, on the other hand, the 
value of / was associated with the magnitude of the minor axis of the 
elliptical orbit, and hence the lowest possible value of / was 1, since when 
l is zero the ellipse degenerates into a straight line and the electron during 
its motion would pass through the nucleus. Before the introduction of 
wave mechanics and the theoretical proof that / may have the value zero, 
it had been necessary to modify the Bohr theory, by putting / = 0 in order 
to conform with spectroscopic evidence. 

The physical interpretation of the quantum numbers n, / and m, whereby 
they are connected with the axes of the elliptical orbits and their orientation 
in space, is now no longer tenable and it is only possible to say that the 
principal quantum number n is related according to equation 1.8 with the 
total energy of the atom in a particular state, and the quantum numbers 
1 and m are related to the angular momentum. The angular momentum 
is given by {/ (/ + 1) }! h/2m and its component in the direction of the z 
axis by mh/27 ; these expressions correspond to /h/27 and mA/2z respectively, 
given by the Bohr theory. 

When n = 1 we have shown above that / can only have the value zero. 
If n = 2 then 7 may have two values, either zero or 1. The electronic 
states for which / = o are termed 5s states whatever the value of n, and for 
1 = 1 they are termed # states. When / = 0, m may only have the value 
zero ; but when / = 1, m may have one of three values: + 1, 0, — 1. 
It thus transpires that for the value n = 2 there exist one s state and three 
p states. When the principal quantum number rn = 3, the possible states 
are as follows: one with / =o (s state), three with /=1 (fp States, m 
having the values + 1, 0, — 1) and five when / = 2 (corresponding to the 
values of m: + 2, +1, 0, — 1, — 2 and termed the d states). We thus 

have nine states for the value 

Table III. Electronic States of the Hydrogen Atom of n = 3. 

TT) ee OCOCCCCCCti“‘é‘WWSWegrn nk: = 444, in dition to 
_—Cdénth@:saaasdbooe@’: States for 1 = 00, 1 
1 Oo 2) and 2, there are seven states 

sor ———,_ When 1 = 3 (corresponding to 


coal (ae ie ae the values of m: + 3, + 2, 

ere seek eee + 1,0, —1, — 2, — 3) termed 
3 | O O J states. 

| t +1, 0-1 From the above examples it 

c Bilis 2 a ee a is clear that it is a simple 

4 | 0 | 3 matter to determine the total 

1 | +1, o,—1 number of possible electronic 

2 +2,+1, 0,—1,—2 states for any value of n, there 

3 | +3424 1, % 47% —3 being n values of / and (2! + 1) 
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values of m for each value of l. Table III shows the states of the hydrogen 
atom between n = 1 and n = 4. These may be expressed in the form 


l=n— 


3" (241) =n? ... (1.39) 


1=0 
It will be shown in Chapter 2, when the building up of the periodic system 
of the elements is discussed, that the quantity n? is of great importance. 

As already pointed out, the energy of the hydrogen atom in any 


Table IV. Complete Wave Functions of the Hydrogen Atom 


n| 1! m | State Wave function 
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particular electronic state depends 
only on the value of the principal 
quantum number n and not on / 
and m. When n = 2 there are four 
possible states, one for / = o and three 
for 1 = 1 (see Table II] and equation 
1.39) ; the energies of these four states 
are all equal although their wave 
functions differ. Such an instance 
where several different states, each 
corresponding to a solution of the 
Schrédinger equation, exist for the 

. =o same energy value, is an example o 

Figure 2. Relationship between spherical degeneracy. Thus the state of the 

coordinates 1, 8 and & and Cartestan co- : 

ordinates, x, 9 and z hydrogen atom when n = 2 is four- 

fold degenerate. The idea of degen- 

eracy plays an important part in wave mechanics particularly in the appli- 
cation to the chemical bond. 

The solutions of the Schrédinger equation for the first three energy 
levels of the hydrogen atom are given in Table IV. The wave functions 
are expressed in terms of the spherical coordinates, 7, the distance of the 
electron from the nucleus and the angles 6 and ¢. The relationship between 
spherical and Cartesian coordinates is seen in Figure 2. 

For the ground state of the hydrogen atom, n = 1, / = 0, the function 
ys is dependent only on the distance 7 from the nucleus and not on the 
angles @ and ¢; the function yo, is given in Figure 3 (upper curve) as a 
function of r. It follows therefore since the probability of locating the 
electron in a spherical shell between r and r + dr will be 


D(r)dr = 199 X 4ur2dr = (4r?/a3) exp (— 2rfa). dr ....(1.40) 
that the atom of hydrogen is spherically symmetrical and that the proba- 


bility of finding the electron at any particular distance from the nucleus 
is the same regardless of the direction chosen. 


Distance from the Nucleus (r) 


Figure 4. Radial distribution function 


te ; (D) for the 1s, 25 and 35 states of the 
Figure 3. Variation of the functions hydrogen atom 


1007 Wr00) ANd Wap with r 


Distance from the Nucleus (r) 


If we plot the function D(r) = ?,o99 X 477° against r (Figure 4, upper 
curve) we see that the probability of finding the electron at a distance r 
12 
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from the nucleus is small at small distances, due to the factor r?, and also 
at very large distances, due to the exponential term, and that there is a 
maximum value at intermediate distances. The value of r at this maximum 
value of D(r) represents the most probable distance of the electron from 
the nucleus and may be obtained by differentiating equation 1.40 and 
equating to zero. Whence 


dD(r) 8 2r 8 ; Or 
a a Ee z) — jar’ exp ( — =) =O ....(1.41) 


which reduces to 


7=a asa P42) 
It may also be shown (Chapter 18) that 
a = h?/4r?me? = 0:528A inti sd 3) 


Thus the maximum density of the electron cloud is found to occur at a 
distance from the nucleus exactly equal to the ‘normal Bohr orbit (see 
equation 1.4). 

In spite of this agreement between the Bohr theory and the wave 
mechanical treatment as to the magnitude of the electron orbit in the 
ground state of the hydrogen atom, it is important to appreciate the very 
great differences which exist between the two theories. In the Bohr theory 
the electron may be found only at a fixed distance, i.e. 0-528 A, from the 
nucleus ; in the wave mechanical treatinent on the other hand the electron 
may exist at any distance froin the nucleus but the most probable position 
is ato-528A. Thus the hydrogen atom in its ground state may be regarded 
as a nucleus surrounded by a continuous electronic cloud having the form 
of a sphere (Figure 5) the probability of finding the electron in a certain 
spherical layer increasing with the distance from the nucleus up to 0-528 A 
and then decreasing. At 1A the density of the electron cloud is very small. 

For the excited states of the atom of hydrogen, different types of electron 
clouds occur. When n= 2,/ may be o or 1. If the first, when xn = 2, 
{= 0, m= 0 2. in the 2s state, the function 9, again depends only on 
the value of r (Table IV) and the electron cloud possesses spherical symmetry. 
The plot of function 499 against 7 is, however, very different from that of 
Prog (Figure 3) in that the value of #99 becomes zero at a finite value of r 
as well as when r is zero and infinity, whercas #,99 1s zero only when r is 
zero or infinity. This behaviour is reflected in the plot of the probability 
function D(r) against r (Figure 4) since, when f= 0, D(r) =o. The 
distribution of the electronic cloud for the 2s electrons of the hydrogen 
atom may be imagined in the following manner. The density of the cloud 
increases as the distance from the nucleus increases, passes through a low 
maxinium and falls to zero ; the density then increases again as r increases 
and passes through a second higher maximum, the position of which 
corresponds to the radius of the second Bohr orbit and finally approaches 
zero as r tends to infinity. The complete electron cloud thus has the 
appearance of a sphere surrounded by a second spherical shell as shown 
in Figure 5. 

When /=1 (n= 2, 3, 4 etc) the wave functions depend not only on 
the distance of the electron from the nucleus but also upon the direction ; 
thus % is dependent upon r, 6 and ¢ (see Table IV). The physical picture 
of these p states is somewhat more complex than that of the s states. In 
the Bohr-Sommerfeld theory orbits with the same value of n but different 
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= 0, s orbital 


= 0 


], p orbitals 


Ss * ec 


= 2, d orbitals 


= 3, f orbitals 
m= +3 m=-+2 m=+41 m= m=—2 m=-—3 


Figure 6. Angular distribution functions for different electronic states of the hydrogen atom 


values of / were distinguishable by their different eccentricities, and the 
ratio //n represented the ratio of the minor to the major axis of the ellipse. 
This picture is no longer tenable for the wave mechanical treatment and 
when the wave functions are shown graphically it is found that when 
/ = 1, the electronic cloud has a form resembling an elongated figure eight 
(Figures 5 and6). In place of the spherical symmetry of the electron clouds 
associated with the s electrons, there exists for the p electrons a maximum 
density in a particular direction which will be shown later to play an 
important part in the formation of directed valency bonds. 

Wave functions which have the same value of / but different values of 
m describe electronic states having the same angular momentum as well 
as the same total energy, but in which the orbits are differently oriented 
in space. In the old quantum theory, the orbits were considered to be 
oriented at different angles to an arbitrarily fixed axis, but according to 
wave mechanics the three electronic clouds of the three states are elon- 
gated figures of eight which are perpendicular to one another. 

When the principal quantum number has the value three, the 35 clectrons 
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will also possess spherical symmetry (Table JV), but the 55) function 
becomes zero at two intermediate values between zcro and _ infinity 
(Figure 3). The electron cloud thus consists of an inner sphere and two outer 
spherical shells (Figures ¢ and 5) and the last maximum (Figure 4) coincides 
with the third Bohr orbit. The electronic clouds for the 3f electrons 
(n = 3, = 1) are the same as those described above for the 2p state. 
When n = 3 and / = 2, there appear for the first time the d states ; these 
five states correspond to the values for m of + 2, + 1,0, —1, —2. For 
m= + 2 the electronic clouds have the form of an elongated figure eight 
(Figures 5 and 6) and when m = +1 or 0 the electronic clouds have the 
more complex shapes shown in Figure 6. 
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PERIODIG CLASSIFICATION OF THE 
ELEMENTS 


THE PROBLEM OF ATOMS CONTAINING MANY ELECTRONS 


Our present knowledge of the structure of atoms which has been developed 
through quantum and wave mechanics permits an explanation of the 
periodic law, which forms the basis of the periodic table of MENDELEEFF. 
The formulation of this law was a very important step in the development 
of chemical theory and by means of the periodic classification of the elements, 
Mendeléeff succeeded in removing several apparent anomalies which existed 
at that time. Of the sixty four elements known to Mendeléeff, considerably 
less than the total number were included in the table. Several of the 
atomic weights accepted at that tiine were altered in order to permit the 
elements to fit into the classification: e.g. uranium was corrected from 
120 to 240, and the oxide given the formula UQ, in place of U,O; which 
had been suggested by Péticor; the atomic weight of beryllium was 
changed from 13:5 to g, indium from 75°6 to 113, thorium from 116 to 232 
and cerium from 92 to 138. The atomic weights of platinum, osmium, 
iridium, gold, titanium, lanthanum, yttrium and erbium were also changed. 
Furthermore in order to arrange the elements in order of their chemical 
behaviour it was necessary in several cases to change the previously accepted 
order based on atomic weight. These changes were nearly all subsequently 
proved to be correct and only in a few cases such as iodine, tellurium, cobalt 
and nickel was the original Mendeléeff classification found to be incorrect. 

Several early attempts were made to put the periodic classification on a 
theorctical basis but without success. The periodicity of the elements occurs 
after 8 and sometimes after 18 elements, forining the short and long periods 
of the table, and if an attempt is made to correlate this periodicity with 
some function of the element e.g. the valency, no simple gencral relationship 
is found to exist. 

The discovery of the rare gases of the atmosphere by RAYLEIGH and 
Ramsey following Rayleigh’s observation that the nitrogen obtained from 
air is heavier than that obtained by chemical decomposition, resulted in 
the completion of the groups of the periodic table by the formation of a 
zero group, the introduction of which did not necessitate any rearrangement 
of the remaindcr of the elements. The zero group was placed betwecn the 
most electronegative non-metals and the most electropositive metals ; thus 
neon came between fluorine and sodium, argon between chlorine and 
potassium, krypton between bromine and rubidium and xenon between 
iodine and caesium. The importance of the introduction of the zero group 
lay in the fact that each period, whether short or long, terminated with an 
element having zero valency, thus suggesting a completion of some stage 
in the structure of the atom. 

A further advance in the understanding of the periodic law arose from 
the discovery by Mosevey that the atomic number is more fundamental 
than the atomic weight in determining the position of a particular element 
in the periodic classification. The considerable amount of evidence on 
which the periodic table was built made it clear that this sequence of the 
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elements is not a coincidence but must be founded on some natural law, 
yet the solution of this problem was not ultimately reached until the 
introduction of quantum mechanics. 

In the previous chapter it has been shown that a satisfactory description 
of the structure of the hydrogen atom may be obtained by means of wave 
mechanics. The problem considered was a comparatively simple one, 
since in the atom of hydrogen there is only one electron, which results in 
a simple expression for the potential energy viz — e?/r and in this case 
Schrédinger’s equation may be solved exactly. In other atoms there is not 
one, but several electrons and if the behaviour of each electron in a poly- 
electron atom did not depend upon the presence of the others 7.e. if its 
behaviour were determined only by its attraction to the nucleus, then the 
Schrédinger equation for that atom could be divided into several equations 
for a hydrogen atom, depending on the number of electrons, in which the 
expressions for the charge on the nucleus e would be replaced by <e, where 
£ is the atomic number. However, in addition to the attraction to the 
nucleus, the electrons mutually interact, repelling each other according to 
Coulomb’s law. The mutual repulsion energy is e?/r4, where 7% is the 
distance between the two electrons. The potential energy term for a poly- 
electron atom will consist therefore, of a series of terms of the type — <e?/r, 
where r, is the distance of the electron from the nucleus, representing the 
attraction energy between the electron and the nucleus, and a series of 
terms of the type e?/rg representing the repulsion energy between various 
pairs ofelectrons. ‘The complexity of the resultant potential energy term adds 
greatly to the difficulty of producing an exact solution of Schrédinger’s 
equation for the polyelectron atom. However, without actually solving the 
complete equation, it is possible to obtain valuable information concerning 
the distribution and behaviour of the electrons by using the solutions for 
the hydrogen atom. 

If we neglect the interaction of the electrons with each other we may 
consider any atom as being ‘ hydrogen like’. It is obviously impossible by 
this means to obtain any correct data for energy levels of the atom con- 
sidered, but nevertheless it is possible to form a qualitative picture of the 
atomic system and to arrive at a theoretical explanation of the periodic law. 
Proof as to the validity of the deductions made is forthcoming from spectro- 
scopic data and from the chemical behaviour of the elements. 


PAULI’S EXCLUSION PRINCIPLE AND ELECTRON ORBITALS 


The possible states of the electron in the hydrogen atom have already been 
described in Table III, and the same states are permissible in hydrogen-like 
atoms. The fundamental question now arises as to how the various electrons 
in a polyelectron atom are distributed throughout these positions. It will 
be clear from our knowledge of the elements that certain restrictions, 
limiting the number of possible electronic states, will have to be introduced. 
The three quantum numbers, n, /, and m, which we have so far discussed 
are, however, insufficient for a complete description of the behaviour of an 
electron. It would appear that in addition to these quantities, an electron 
possesses an angular momentum, with which is associated a magnetic 
moment, given by the expression Vs(s + 1). h/27. This property of the 
electron, generally referred to as electron spin, was introduced by UHLENBECK 
and GoupscHmipT? in order to explain the multiple splitting of spectral 
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lines. The factor s in the above expression is termed the spin quantum 
number and can only have the values + 1/2. 

The fact that the phenomena of electron spin is not derived from the 
Schrédinger equation is a weakness of this treatment. The relativistic 
quantum mevhanics of Dirac, however, which has been developed up to 
the present only for a singie particle, does lead to a description of the par- 
ticle in terms of four quantum numbers, one of which determines the spin. 

The two values of the spin quantum number may be regarded as corre- 
sponding to the two possible orientations of the spin angular momentum 
with respect to the orbital angular momentum. The resultant angular 
momentum is described in terms of a quantum number j, which has the 
values / +s, and the corresponding values of the angular momentum are 


given by Vj(j +1). A/27. If any two electrons in an atom have the same 
value of the spin quantuin number it is considered that the electron spins 
are orientated in a parallel manner, this behaviour we shall denote by two 
arrows pointing in the same direction (4 4). If, however, the two electrons 
have different values, wz s = 4-1/2 and s = — 1/2 then the spins are 
antiparallel, which we shall represent by two arrows pointing in the opposite 
directions (J ¢ ). 

Having defined the four quantum numbers n, /, m and s which describe 
the electron, we may now return to the problem of the possible electronic 
states of a polyelectron atom. These are defined by the Pauli exclusion 
principle, which states that no two electrons in the same atom can possess 
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Figure 7. Approximate stability sequence of atomic orbitals 
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the same values of the four quantum numbers. Thus if two electrons in an 
atom have identical values of n, / and m it must follow that their spins are 
antiparallel. Electronic states corresponding to definite values of n, / and m 
are termed orbitals. Each orbital will thus accommodate, according to the 
Pauli principle, two electrons with antiparallel spins. The term orbital 
has arisen from the Bohr theory and it must be remembered that its use does 
not imply a fixed electronic orbit as conceived in the original theory, but a 
particular probability distribution in space, as defined by wave mechanics. 

The periodic classification of the elements is derived directly on the basis 
of Pauli’s principle. In the formulation of the periodic system it is necessary 
to explain the order in which the electrons assume their various states, 1.¢. 
into which orbital the electron falls when we pass from an atom with atomic 
number Z to the succeeding atom with atomic number Z + 1. Each electron 
will occupy the state possessing minimum energy, and as has been shown 
for the case of the hydrogen atom, the energy is dependent only on the 
principal quantum number n as given by equation 1.8. In polyelectron 
atoms the dependence of energy on quantum number is, however, more 
complicated, being determined not only by the principal quantum number 
n, but also by /. As a general rule an s orbital (/ = 0) is more stable than 
a p orbital (f = 1), which in turn is more stable than a d orbital (/ = 2). 

For the higher quantum numbers the relationship between the energy 
values of the orbitals is more complicated (see Figure 7). ‘Thus for example, 
the 45 orbital (n = 4, / = 0) 1s more stable than the 3d orbital (n = 3, / = 2). 
This complexity does not permit a construction of the electronic distribution 
of the elements on the basis only of the analogy to a hydrogen like atom 
and it is necessary for each element to use the spectroscopic data to 
determine the electronic states. The sequence of the distribution thus 
obtained can, with only a few exceptions, be expressed by the data given 
in Figure 7. 


DISTRIBUTION OF ELECTRONS IN ATOMS 
The values which may be given to the four quantum numbers are as follows : 


2b SS On Ty Oe Fs kes nm — 1 corresponding to the s, p, d, fj...... states 
respectively 


3 to each value of / there are 2/ + 1 values of the magnetic quantum 
number m which has values from +/ to — 1 


4 to each value of n, / and m there are two values of s, + 1/2 and — 1/2. 


These restrictions on the values of the various quantum numbers represent, 
together with the Pauli exclusion principle, the basis of the periodic 
classification. 

When n = 1, ! = o and m = 0, s may have the values + 1/2 ;it therefore 
follows that the first orbital, z.e. when n = 1, can accommodate no inore than 
two electrons. Ifa third electron was introduced into this orbital, it would 
also have the values n = 1,/ = 0, m = oand either s = + 1/2 or — 1/2 and 
thus would correspond exactly to the state of one of the electrons already 
contained within the orbital, its entry is thus prohibited by the Pauli 
principle. ‘These deductions are in direct agreement with the periodic 
classification of the elements in which the first two elements, viz hydrogen 
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and helium, complete the first period. The electronic formula of the 
hydrogen in its ground state will therefore be, 


H Is 
and of helium He 1s? 


The figure on the left gives the value of the principal quantum number, the 
letter represents the value of / and the superscript the number of electrons 
associated with a particular value of / for that atom. 

When n = 2,/ can have the values o and 1 and hence both s and p orbitals 
are permissible. If / = 0, then m =o and this orbital may contain two 
electrons having the values of s + 1/2 and — 1/2. Whenl = 1, three values 
of m are permissible, z1z + 1, 0, — 1 and to each of these orbitals there 
may be ascribed the values 5 = + 1/2. Thus when the principal quantum 
number has the value 2, there exist one s and three pf orbitals which may 
contain 2 and 6 electrons respectively, i.e. eight in all. These four orbitals 
permit the construction of the second period of the Mendeléeff table con- 
taining eight elements. 

When n = 3, by following the same arguments as given in the preceding 
paragraph, it is seen that there will be one s and three p orbitals, together 
with five d drbitals for the case where | = 2 when m has the five values 
+2, + 1,0, —1, — 2. Since each orbital can accommodate, according 
to the Pauli principle, not more than two electrons with opposite spins, it 
follows that where the principal quantum number has the value 3, the 
complete shell can accommodate 2 + 6 + 10 = 18 electrons. 

In general, for a particular value of the principal quantum number, there 
cannot be more than two s, six p, ten d and fourteen f electrons and the 
total possible number of electrons for a given value of n is therefore equal to 
an*, Thus the introduction of the concept of spin leads to the doubling of 
the number of possible electronic states (equation 1.39). The possible distri- 
bution of electrons for a hydrogen like atom is shown in Table V and it is 
seen that the series 2, 8, 18, 32, . . . which has arisen from the application 
of the Pauli principle is in agreement with the numbers of elements 
occurring in the periodic table of Mendeléeff. The electron shells with 
values for the principal quantum number 1, 2, 3, 4, etc are often referred 
to as the A, L, Af, N, etc shells. 

Let us consider the derivation of the electron configuration of the 
elements from lithium to neon which constitute the second period of 
Mendeléeff’s classification. The distribution of the electrons in the ground 
positions of the atoms is given below. In the atom of lithium, the first two 
electrons occupy the 15 position, the third electron according to the Pauli 
principle must fall into the electron shell having the main quantum number 
equal to two. The electron accordingly occupics the position of minimum 
energy within this shell, which is the 25 orbital. 


Li Be B C 
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N O F Ne 
1s%2572p3 1522572p* 1s*as?2p° 25725726 
at 
n= v4 


In the atom of beryllium the fourth electron completes the 2s orbital 
and thus with boron the fifth electron must enter a 2p orbital. The 
additional electrons of carbon and nitrogen each occupy a 2pf orbital 
as shown in the diagrams above. Once the three 2p orbitals contain 
an electron each, the introduction of further electrons, as in the atoms 
of oxygen, fluorine and neon, bring about the completion of these 
orbitals. With neon the electronic shell n = 2 is completed since 
all the possible eight electron positions are filled and in accordance with 
this, the second pcriod of the periodic classification contains eight 
elements. 


The eighth element of the second period, neon, possesses several chemical 
peculiarities when compared with the other elements of this series. The total 
spin angular momentum will be zero, since the spins of the separate electrons 
in each orbital are antiparallel, and furthermore, the total angular 
momentum will be zero. Experimental observation of the properties of 
neon makes it possible to relate the completion of an electronic shell with 
chemical inactivity. 


In the elements of the second pcriod the following numbers of unpaired 
electrons occur : 


I o 1 2 3 2 I ) 


These numbers of unpaired electrons are significant since they indicate the 
number of electrons which may be accommodated in that shell through 
compound formation. Thus these numbers indicate the valency of the 
element. Both hydrogen and lithium possess a single unpaired electron 
and are accordingly monovalent ; helium and neon in which no unpaired 
electrons occur have zero valency. Oxygen having two unpaired 
electrons is divalent ; nitrogen with three, trivalent ; fluorine with one 
monovalent and carbon with two may, under certain circumstances, be 
divalent 


However, for beryllium, boron and carbon there appears to be no 
relationship between the chemically observed valency and the number of 
unpaired electrons. Beryllium is always divalent, boron trivalent and in 
the majority of its compounds carbon is tetravalent. It might have been 
supposed that the case of beryllium was analogous with that of helium, 
since both elements have a completed s orbital, but beryllium as distinct 
from helium has, along with the 2s orbital, three 2p orbitals. The excitation 
of an electron in an helium atom from the 1s to the 2s state requires the 
absorption of a considerable amount of energy (460kcals). In the atom 
of beryllium, however, owing to the comparatively insignificant differ- 
ence in the energies of the 25 and 2p states (62kcals) unpairing of the elec- 
trons is possible. Thus beryllium may be regarded as possessing either 
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the unexcited (ground) state or an excited state having the electronic 
formula : 


Be* 
1s?252p 


the asterisk* denoting an excited state of the atom. In this state the atom 
of beryllium has two unpaired electrons and hence is divalent. The energies 
of excitation of beryllium and other Table VI, Excitation Energies of 
elements in that group of the periodic Group IT Elements 

table are known from_ spectroscopic 


| 
measurements and are given in Table VI. — Element | Electron transition | Energy 


As is to be expected the excitation energy | keals 
decreases with increasing atomic number. a er ee ee 
In exactly the same way for the atoms Mg + 9s?—>9s3p | 62 
of boron and carbon one of the 25 elec- Ca | 45% > 454p | 43 
ansferred to a vacant 2 r 55° —> 55 5p 4t 
trons may be transferred to p = | eee ay | te 


orbital so that the electronic configura- 
tions will be: 


B* 
Is*252p? 


The excited atom of boron has three unpaired electrons and is consequently 
trivalent and the excited atom of carbon has four unpaired electrons and is 
tetravalent. Thus the numbers of unpaired electrons in the atoms of the 
second period may now be written as 


Li Be* B*¥ C* N O- F_ Ne 
I 2 3 4 3 2 I O 


and this order follows exactly the valencies of these elements. 


For the atoms of nitrogen, oxygen and fluorine, such excitation processes 
would not change the number of unpaired electrons since in the atoms of 
these elements there are no vacant 29 orbitals. In order to increase the 
valency of nitrogen a transfer of a 25 electron to a 35 state would be necessary. 
Such a transition however, would involve too great an amount of energy 
for the resulting state to be of significance in determining the valency of 
nitrogen. Thus nitrogen cannot be five covalent, and in those compounds 
where nitrogen may be considered as being pentavalent there is in fact one 
electrovalent bond together with four covalent bonds, as in NH,+ and the 
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nitro group. These compounds will be considered later. Thus the ability 
of an element to enter into chemical combination may be lacking in atoms 
in an unexcited state, but may be present as the result of excitation or ioniz- 
ation, either process involving the expenditure of energy. 

The distribution of electrons in the f orbitals given above is not immediately 
apparent. For example, it would be possible for the two # electrons of carbon 
to be placed in one 2 orbital, or the three electrons of nitrogen to be 
placed not in three different orbitals but in two, viz 


The accepted distribution of the # electrons is based on spectroscopic data, 
which leads to the following rule: for a given value of J, electrons are 
distributed in such a way that the number of unpaired electrons with parallel 
spins is a maximum, and hence the total spin angular momentum is also a 
maximum. This rule, known as Hund’s law, depends on the fact that 
states with a maximum number of electrons with parallel spins is the most 
probable arrangement on the basis of energy consideration. Thus for the 
ator of nitrogen the state with three unpaired # electrons is more probable 
than the state with only one unpaired p electron since an excitation energy 
of 55 kcals is required to convert the former into the latter state. Similarly 
for the atom of oxygen, the state with two unpaired electrons 


Wht | hy 
2p 


2$ 


is more stable by 45kcals than the state with no unpaired electrons 


wey 
2p 


25 


and for carbon the energy difference between the two states 


vee 


Y 
2s 2p 
and 

tet) | 

25 2p 
is 29 kcals. The spectral terms for these states are as follows?: for nitrogen 

$S4q and 2D, for oxygen 3P, and 'D, and for carbon §P, and 'D,. 

Sodium, the element following neon, possesses similar chemical properties 
to lithium ; this is understandable on the basis of the electronic formulae 


of these atoms since after the completion of the second electronic shell with 
neon, the next electron can occupy only the 3s orbital. 
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Na 
15725°2H%35 
n 
n 
n= 


The process of the completion of the electronic shell is repeated as for the 
second period elements and is shown by the electronic formulae : 


Mg _ 15? 25? 2p8 35? 
Al 15? 257 2p% 357 3p yet y tt | 
Sirs? 25% ap8 357 3h? 
P rs? 252 268 352 363 


S15? 257 ap% 35? 394 
Cl 1s? 252 2p8 357 365 
Ar 15? 257 2p% 35? 38 


The number of unpaired electrons in the unexcited states of the atoms of 
the third period are the same as in the second period : 


Na Mg Al Si P_ S§S Cl Ar 
I ey) I 2 3 2 I O 


and considering the excitation from the 3s to the 3 state : 


Na Mg* Al* Sit PS Cl Ar 

I 2 3 4 3 2 I O 
and thus the fundamental valencies of these elements are the same as the 
corresponding elements of the second period. The behaviour of the elements 
in the various groups is, however, not entirely analogous as the difference 
in energy between the 3 and 4s states is less than that between the 2p and 
2s states, and elements of the third period, much more readily than those 
of the second period, are transferred to an excited state with a corresponding 
increase in the valency. In addition, in the third period there exist the 
3d states comprising five orbitals which permit, by electronic excitation, 
an increase of valency. These views are exemplified in the behaviour of 
fluorine and chlorine. Fluorine is always monovalent, whereas chlorine 
gives a series of compounds with oxygen e.g. Cl,O, Cl,O3, ClO,, etc, which 
clearly involve a variable valency, which can only occur by the excitation 
of 3 electrons to 3d and 45 states. Similarly oxygen is divalent, whereas 
sulphur possesses a variable valency. These differences in behaviour can 
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be explained only in terms of energy relationships. If electronic excitation, 
involving the unpairiz and increase in the number of unpaired electrons, 
requires an expenditure of energy which can be accounted tor from a know- 
ledge of bond energies, tren 2 vamadle valency is pussible. If on the other 
hand the wai ern electron 1k exXcli2uon energy is greater than the 
exotchermikt combinztion of the atoms. then th2t ‘particular element will 
possess only 2 s sete valency state. Thus the verv high electronic excitation 
emerev of helium, 490 keals, prevents it from being a reactive element. 

In the atom of argon, only the 35 and 39 orbitals are occupied, but in 


this electronic shell there exist also the five 32 orbizals. The energy or the 
3a states, however. ts con Saaee e greater than that of the 34 and 1s 1n fact 


greater than that of the +5 orbital. I: is this fact which resales in the inert 
haracter of argon and makes it comparable with neon. The electrons of 
the two succeeding elements potassium and calciwm thus occupy the ss 
orbical which, as inGicated above, is more stable in the case of these elements 
then the so oroiis... [nus 2 er periad is commenced. The occupation 
ithe 32 orbitals comumences on!v with the next element. scandium, aiomuc 
murmber 21, in which the 32 state has 2 lower enerev level than the 44 state. 
The enerev relationships of the 3f: 32 and 4s states are known empirically 
from the speccroscopic dara: a theoretical 2 attempt to deal with this prob- 
lem has been mace by Feruc? who has pictured the atom as an electron cloud 
existing in che field of the nucleus. On passing from one atom to the next, 
the new electron occupies the energy level having the lowest energy, a fact 
in accordance with Pauli’s s principle. his approach leads to the predicuon 
enat the formauon of 5, 4, fand “stares will start at the frst, fifth, twentv- 
rst and Sity-nma elements. Experimen: shows that the s electron appears 
frst with hydrogen. stomuc number 1. the ¢ ¢ electron with boron, atomic 
mimber 5, th ¢ electron with scandium, atomic number 21 and the f 
electron with certum. atomic number ie 
Tne eleccronic configuration of the atom of scandium is: 


Se 


15725 2H835235 58-3 e 


sf Z 


From scandium to vanadium. atomic number 23, there occurs a further 
ime of the 32 orbitals and nence the electronic formula of vanadium 1s 


Vo 1st 25° 227 3s* 365 323 45° 


Wich the next element, chromium, however, it appears that for the first time 
in the constructien of the periodic classincation an element does not retain 
whe electronic conSgurarion of the previous atom. Thus in the atom of 
chromium there is only one 4: electron and five 3¢, in place of the two 4s 
and iour 32 electrons which mighi have been expected. The electronic 
formuls tor chromium is therefore 


Cr 1s 25° 225 35* 36° Sa? 45 
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and it must be assumed that this configuration is more stable t.e. has a 
lower energy value than the predicted formula 


Cr Is? 252 2p8 352 39% 3d4 45? 
In the next element, manganese, the 4s orbital is completely filled and it 
has the formula 

Mn = 1s? 257 268 35? 3p 3d 45? 
With the elements iron, cobalt and nickel the 3d orbital continues to fll 
up and finally, with copper in which one 4s electron transfers to the 3d 
state, the filling of the 3d orbitals is completed 

Fe 1s? 25? 2p 352 34° 376 45? 

Co 1s? 25? 2p8 35? 366 32° 45? 

Ni 1s? 252 266 35? 346 343 45? 

Cu_ 1s? 25° 2p8 35? 366 371° 45 
After copper, the next element zinc, fills the one free place in the 4s orbital 
and the succeeding six elements, from gallium to krypton, fill the 4% orbital, 
and the period ends with the following configuration for krypton 

Kr = 1s? 257 28 357 366 3d! 452 4p8 

The fourth period, as has been shown above, begins with the filling of 
an s orbital, which is in agreement with the chemical similarity of potassium 
and calcium with sodium and magnesium respectively. After this orbital 
has been completed, however, the elements which follow show new properties, 
such as a variable valency. The reason for this behaviour is that the 3d 
orbitals are being filled and the difference in energy of the 3¢, 45 and 4p 
states is small so that electronic excitation, producing an increased valency. 
may easily occur. It is difficult with elements such as chromium, manganese, 
iron, cobalt and nickel to determine the value of the unexcited valency 
although it is possible to determine the number of unpaired electrons. The 
valency may be more or less than the number of unpaired electrons and the 
position is complicated by the tendency to form electrovalent or ionic bonds 
in addition to covalent bonds. 

After the completion of the 45 and 4) states with krypton, a fifth period 
commences. As in the fourth period the 55 orbital is more stable than the 
4d or 4f states and 1s filled by the elements rubidium and strontium. The 
occupation of the 4d orbitals commences with the next element, yttrium 
and continues normally for the next element. With niobium however, the 
spectroscopic data show that one 5s electron has also been transferred to 
the 4d state, and a single electron occurs in the 55 orbital up to the element 
rhodium, atomic number 45. In the next element, palladium, the remaining 
5s electron is also transferred to the 4s state, which is thereby completely 
filled with ten electrons 

Pd = 15? 257 248 357 356 310 457 4p6 441° 
The remaining elements of the fifth group, beginning with silver and ending 
with xenon fill the 5s and 5 orbitals. The 4 / orbitals which remain unfilled 
in the fifth period are filled in the sixth period after caestum and barium 
which occupy the 6s orbital and lanthanum which has the electronic formula 
La 1s? 25% 266 357 3n6 3d! 45? 4p6 402° 55° 5p® 5d 6s? 
Fourteen electrons are distributed in the seven 4/ orbitals and form the 
lanthanons, or rare earths. These elements possess a common outer 
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Table VII. Electron Configuration of Atoms in their Normal States 
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Table VII. Electron Configuration of Atoms in their Normal States—continued 


o | p le 


Element | Atomic | K| L | M | N 
Number LV eS — ee SS 
Is|2s 2p 35 3p 3d |4s 4p 44d 4f 155 5p 5d 5/| 6s 6p 6d! 75 


2 6 10 2 1 

2 6 2 2 

2 6 2 3 
Te 52 2 6 10 10 2 4 
I 53 2 6 10 10 2 5 
Xe 54 2 6 10 10 2 6 
Cs 55 212 6/2 6 10}2 2 10 2 6 I 
Ba 56 | 2/2 6,;2 6 10/2 6 10 2 6 2 
La 57 2/2 6/2 6 10]}2 6 Io 2 6 1 2 
Ce | 58 21/2 6/2 6 10}/2 6 10 1j;2 6 1 2 
Pr 59 2/2 612 6 10/2 6 10 2/2 6 1 2 
Nd 60 2/2 6/2 6 10/2 6 10 3/2 6 1 2 
Pm 61 2;2 6/2 6 10;2 6 10 4/2 6 1 2 | 
Sm 62 2/2 6|2 6 1to}2 6 10 5;2 6 1 2 
Eu 63 2;2 6/2 6 10/2 6 10 6/2 6 1 2 | 
Gd 64 2;2 6/2 6 10/2 6 10 7/2 6 1 2 
Tb 65 2/2 6/2 6 10/2 6 10 8/2 6 1 2 | 
Ds 66 21/2 6);2 6 10|2 6 10 gi26 1 2 : 
Ho 67 2!2 6/2 6 10/2 6 10 10/2 6 1 2 | 
Er 68 2/2 6/2 6 10}2 6 10 11/2 6 1 2 
Tm | 69 21/2 6/12 6 10]/2 6 10 12/2 6 1 2 
Yb | 70 2/2 6 | 2 6 10/2 6 10 13/2 6 1 2 
Lu «= 71 2/2 6/2 6 10!2 6 10 14/2 6 3 2 
Hf | 72 2|}2 6 | 2 6 10/2 6 10 14/2 6 2 2 | 
Ta ! 73 2/2 6,2 6 10/2 6 10 14}2 6 38 2 
W | 74 2|2 6/2 6 10|2 6 10 14/2 6 4 2 | 
Re 75 2/2 6;2 6 10/2 6 10 14/2 6 5 2 | 
Os % |2/2 6/2 6 10/2 6 10 14/2 6 6 |e | 
Ir 9 2'2 6/2 6 10/2 6 10 14|/2 6 9g 
Pt 78 2/2 6/2 6 10|2 6 10 14;2 6 9g : 
Au | 79 2 612 6 10/2 6 10 14/2 6 Io ] 
He ! 80 2 6/2 6 10/2 6 10 14}2 6 10 2 
Tl | 81 2;2 6/2 6 10 | 2 6 10 14/2 6 10 2 1 
Pb =: 82 | 2,2 6;2 6 10;2 6 10 14}]2 6 10 2 2 
Bi | 83 21|2 6/2 6 10|2 6 10 14!2 6 10 2 3 
Po 84 2;2 6/2 6 10/2 6 10 14/2 6 to 2 4 
Ar | 85 2!2 6|;2 6 10/2 6 10 14}2 6 10 2 5 
Rn 86 21/2 6/2 6 10/2 6 10 14}|2 6 10 2 6 
Fr | 87 2/2 6/2 6 10;/2 6 10 14]2 6 10 2 6 I 
Ra 88 2/2 61/2 6 10;2 6 10 14]2 6 10 2 6 2 
Ac 89 2/2 6/2 6 10}2 6 10 14/2 6 10 6 1/2 
Th go 21/2 6/2 6 1o}/2 6 10 14/2 6 10 t]}/2 6 1/2 
Pa g! 2/2 6/2 6 10/2 6 10 14/2 6 10 2/2 6 1); 2 
U 92 212 6!'2 6 10/2 6 10 14/2 6 10 3]/2 6 1/2 
Np 93 2}!2 6;2 6 10)/2 6 10 14}/2 6 10 4]/2 6 1)]2 
Pu 94 2\|2 6/2 6 10/2 6 10 14]/2 6 10 5|2 6 1] 2 
Am 95 2'2 6/2 6 10}/2 6 10 14/2 6 10 6/2 6 1/2 
Cm 96 2 | 2 6,2 6 10/2 6 10 14/2 6 10 7/2 6 1/2 
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electronic structure, the arrangement being 5s? 56% 5d 652 and differ only in 
the number of deep-lying 4 felectrons. The similarity of chemical behaviour 
of these elements is thus understandable since chemical behaviour is deter- 
mined, in general, by the outer electrons. 

After the completion of the 4 fstate, the 5d orbitals continue to be filled, 
the first element in this series being hafnium with the electronic formula 


HE 152 252 p68 352 366 3d1° 452 4p8 4d) 4/14 552 5p8 5a? 652 


This formula permits the conclusion to be made that this element, atomic 
number 72, is not a lanthanon, but is an analogue of zirconium. In this 
way the quantum theory has limited the number of lanthanons to fourteen 
elements, for which there was no previous criterion, and indicated the 
correct place of the element hafnium, similar to the way in which Mendeléeff 
predicted correctly the positions of gallium, germanium and scandium. 

The electronic configuration of all atoms is shown in Table VII and the 
periodicity of the elernents in Tables ViJIJ and LX. Table VIII is based on 
that of Mendeléeff but whereas the division of the elements into groups 
and subgroups was originally empirical, it is now shown to be based on the 
electronic structure of the atom. Under each subgroup there is given the 
distribution of the outer electrons. On the right hand side of the table is 
given the electronic configuration of the penultimate shell and the main 
quantum number of the outermost electrons. The superscript given to each 
symbol refers to the electronic configuration of the completed inner shells 
which are given beneath the table. The division into the subgroups A and 
B is based on the fact that the penultimate electron shells of the elements in 
these groups contain the configuration s? p§ and s? £6 d! respectively. The 
lanthanons and actinons, in which the 4f and 5/ orbitals respectively are 
filled, are not shown on the table. 

The absence of inner completed electronic shells where n = 1 leads to 
certain differences in the properties of hydrogen and helium compared 
with other elements having a similar configuration of the outer electrons 
and these two elements have therefore been placed in a separate part of 
the table. Helium cannot be grouped with the alkaline earth metals, 
although their electronic configuration, s?, is identical ; chemically, helium 
is an inert gas, but since the remainder of the members of this group 
possess six p electrons in the outermost shell, a different classification is 
required. In a similar way the electronic configuration of hydrogen 1s 
identical with that of the alkali metals, the s electron of the hydrogen atom 
is, however, bound more strongly than in the alkali metals and furthermore, 
the chemical behaviour of hydrogen is not very similar to that of lithium or 
sodium and it is therefore placed in a separate group. 

To illustrate the use of the table, let us consider the configuration of 
tungsten. It has an atomic number of 74, the superscript 5 indicates that 
the structure of the inner complete shell is 


15? 252 266 352 3p® 3d! 45? 496 41° 4f14 


The penultimate electronic shell, as indicated at the right hand side of the 
table is 55% 5p® and in the outermost shell there are present four 5d and 
two 6s electrons, the 5d electrons being unpaired. The number of unpaired 
electrons in the ground state of the atom is determined experimentally 
from spectroscopic data in the following way. If the multiplet splitting 1s 
denoted by M, then the multiplicity is given by M = 2S + 1, where S$ 
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is the resultant spin vector equal to Zs. Thus when M = 1 (singlet state) 
it follows that S is zero and hence all the spins must be paired ; when 
M = 2 (doublet state), S = 1/2, indicating the existence of one unpaired 
electron ; when M = 3 (triplet state), S = 1 and there will be two un- 
paired electrons, each with the value s = + 1/2. Thus in general the 
number of free unpaired electrons is given by (M — 1). 

The expanded form of the periodic table shown in Table IX has several 
advantages over the original form and is based much more closely on the 
electronic distribution obtained from spectral data and the Pauli principle 
(see Table V) than is the Mendeleéeff form. It is not now generally con- 
sidered that the chemical similarity of elements containing the same number 
of electrons in f and d orbitals is such as to justify their classification as 
subgroups of the same periodic group. The transition group of elements, 
whose chemical behawour is closely determined by the presence of an 
incomplete d shell of electrons, have therefore been removed from the sub- 
groups and placed between the main groups II and III. The only serious 
objection to this form of table lies in the inclusion of the copper and zinc 
groups within the transition group. If we regard a transition element as 
one with an incomplete, but not empty, d shell then those elements together 
with palladium are not transitional. It is convenient, however, to include 
them in the transition group as representing the limiting stage to be 
attained by the completion of the d shell. What similarity exists between the 
copper and zinc groups and the alkali and alkaline earth metals respectively, 
may be attributed to the similarity of the electronic configuration of the 
s orbital, but the influence of the completed shell of d electrons on the 
properties of these elements (e.g. the ionization potential) is sufficiently 
marked not to justify their inclusion as subgroups of groups I and II. 

Until very recently only ninety-two elements were recognized and the 
periodic classification ended with the element uranium. In 1940 MCMILLAN 
and ABELSON® showed that bombardment of uranium with neutrons led 
to the production of an isotope of a new element, neptunium, of atomic 
number 93. This isotope Np*%%, which has a half life period of 2:3 days, 
is the decay product of U*89 formed by the neutron bombardment of U?%8 
The chemical behaviour of this element showed that it was closely related 
in its properties to uranium and dissimilar from rhenium. These data were 
the first convincing evidence that it was the 5 shell that was being filled 
and not the 6d. These elements thus form a group named the actinons, 
analogous to the lanthanons. A second isotope of neptunium, Np?%’, was 
obtained by bombarding uranium with fast neutrons, the reaction taking 


place being U?%8 (n, 2n) U?%" . Np?3?. The importance of this isotope 
lies in the fact that it has the very long half life period of 2:25 x 10% years, 
and that it has been prepared in weighable quantities. The second trans- 
uranium element to be prepared was plutonium®, Pug? having a half life 


: , B 
period of 50 years, the reactions being U8 (d, an) Np®8> Pu28. 
Chemical studies show it to have properties very similar to uranium and 
neptunium but the lower oxidation states are more stable. Americium, 


atomic number 95, was the fourth transuranium element obtained. 
The reactions taking place on the bombardment of U?38 by high energy 


, : p ; 
helium ions are U?* (a, n) Pu24!- Am*4!_ 9 The third element to be 
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Table VII. The Periodic Classification 
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Electron configuration of inner shells (indicated by superscript) 
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of the Elements (Mendeléeff ) 


Configuration of penultimate shell 
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Table 1X Pertodte Class 
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the Elements (expanded form) 


IV v VI VIET VI 


< 
yo 
> 


ae a ae ee 
atte 
IE 


rete 
d—|<-(< 
—>|->| > 
+ 
aig 
+ 


¥ 


+ | +- |] <-] 
pod re ES OS PS 
<-/| + 
nr jn 


Configurations of inner shells 


Aya leat eye 


cu | | 


ed et fl oe 


) EE 


35 


ts*astap§ 


1s?2572p'3s*gp° 


57257 2pqs74 pogd'7452 


1s?2572p%3s*4pSgd™ qs 74 p° 


1572s72p%gs73 p%gd'gst4 po gd* 5s? 


1572572 p%3573 p*gd*?4574 p4d'?5s75p° 


1572572p°3573 pSgd??4574ptgd7g f' 45575 p65" Gs" 


152252p%3s4gp%3d"4s"4 p'gd'?4 [45525 p'5d™6s'6p 


THE STRUCTURE OF MOLECULES 


prepared was curium, which was identified in the product of the bombard- 
ment of Pu?%® with helium ions, the reaction being Pu?3® (a, n) Cm242, 
Both americium and curium form triply charged positive ions in solution 
and are carried quantitatively by the lanthanon fluorides in precipitation 
reactions and are separated from them with difficulty. 

Of the synthetic transuranium elements only plutonium has been found 
naturally ; it exists in very small quantities (1 part in 1014) in pitchblende 
and carnotite in which it 1s produced by the absorption of neutrons from 
various sources by the uranium isotope U2* in the ore. 

The problem of the structure of the atom may be regarded as falling 
into two parts : the configuration of the outer electronic shells, upon which 
the chemical behaviour of tl:e elements largely depends and the structure 
of the nucleus in which the greater part of the mass of the atom is centred. 
In view of the very large number of isotopes of the elements which are 
known to exist, it cannot but be significant that in only four cases does the 
order of the atomic weights differ from the order of the elements when 
arranged with increasing value of nuclear charge, t.e. atomic number. 
Many more exceptions to this might be imagined ; thus there exist isotopes 
of argon, chlorine, calcium and potassium whose isotopic weights are 
respectively 36, 37, 40 and 41, and if these isotopes were to predominate 
in the naturally occurring elements, the order of atomic weights would be 
different from that which actually exists and which is identical with the 
order of these elements in terms of their atomic number. Any theory of 
the structure of the nucleus must therefore ultimately explain why there 
exists an approximate relationship between the mass m, in hydrogen units, 
and the nuclear charge <, in electronic units, given by : 


m/< = 1/2 to 1/2°6 


PERIODICITY OF PROPERTIES 


Quantum mechanics has shown that periodicity is conditioned by the 
repetition of the configurations of outer electrons and it is natural that only 
those properties which are concerned with the structure of the outer electrons 
of the atoms should reveal periodicity. Thus it is found that ionization 
potentials, ionic dimensions, polarisation ete when considered as a function 
of atomic number give a curve similar to the atomic volume curve. Other 


lonizotion Potential 


2) /0 20 JO 20 50 60 70 8O 9Q 
Atorme Number of Element 


Figure 8 Ionization potentials of the elements as a function of atomic number 


phenomena, such as the heat capacities of monatomic gases, which are not 
influenced by the outer shells of electrons, show no periodic properties. 
A study of properties which sho w fpericdicity is therefore most important, 
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and leads to a better understanding of the observed chemical periodicity ; 
such deductions that may be made, however, are at the moment only 
qualitative. 

Ionization potentials— The ionization potential represents the energy 
necessary to remove an electron from the atom. ‘This energy we shall 
designate as J, and is generally termed the first ionization potential. The 
second ionization potential, J,, represents the energy required to remove an 
electron from the singly charged positive ion. The first ionization potentials 
of the atoms are given in Table X and are also represented in Figure 8. 
where the periodicity is evident. The variation of the ionization potential 
with atomic number reveals a series of important generalizations, which 
will be discussed in some detail because of the importance of ionization 
potentials in several chemical processes, such as the tendency for a given 
element to form ionic compounds. 


Table X. First Ionization Potentials (kcals) 


H He 

312 §63°8 

Li Be B Cc N O F Ne 

123°5 2138 190° 258°3 333°4 312'2 (414°7) 494°4 
Na Mg Al Si Pp S Cl Ar 
119°7 175°3 137°3 186-6 253-4 237°5 298-6 361°5 


K Ca Se Ti V Cr Mn Fe Co Ni Cu Zn Ga _ Ge As Se Br Kr 
99°5 140°3 154°0 156°9 155°7 155°3 170°5 180-4 195°8 175°3 176-9 215°6 137°5 186°4 241°9 223°5 (265) 321-2 


Rb Sr Y Zr Mo Ru Rh Pd Ag Cd In Sn Sb_ Te I Xe 

95°8 130°6 150) =1§9°4 165°9 (177) 177°4 191°2 173°7 206°4 132°7 168-2 192°4 206°4 241°9 278'8 

Cs Ba ‘La WwW Os Pe Au Hg TI Pb _ Bi Ro 

89:2 119°6 128-8 186-6 200°4 204°6 211°7 239°1 139°8 170 = 1670 246°§ 
Ra 


121°0 


Consider the series of elements in the first and second groups shown in 
Table X : 


Li Na K Rb Cs 
123°5 11777 995 958 = 8g-2 


Be Mg Ca Sr Ba 
213°8 175°3  140°3 1306 119-6 
The energy involved in liberating an electron from an atom of an alkaline 
earth metal is greater than that required in the case of the corresponding 
alkali metal ; thus we may conclude that an unpaired s electron is removed 
from an atom much more easily than a paired one. This indicates that the 
pairing of two electrons in an s orbital increases the attraction energy 
between an s electron and the atom. 
Considering the elements of the second and third groups : 
Be Mg Zn Cd Hg 
213°8 175°3 215°6 206-4 23971 


B Al Ga In Tl 
190°l = 137°3 1375) =—-132°7—-139°8 


it is seen that a p electron is more easily removed from the atom than one 


37 


THE STRUCTURE OF MOLECULES 


of a pair of s electrons. The comparison of gallium, indium and thallium 
with respectively zinc, cadmium and mercury rather than with calcium, 
strontium and barium 1s necessary in view of the electronic configurations : 

Ga Is? 25? 268 352 3p® 3d1° 45? 451 

Zn 1s? Qs? 28 352 3p® 3d! 45? 

Ca 15? 252 268 352 3p8 452 


The inner shells of gallium and zinc are identical, whereas those of gallium 
and calcium are not (see below). 

There appears to be a considerable difference between atoms containing 
d electrons when compared with those which do not, ¢.g. 


K Rb Cs 
995 958 892 (s?p8s) 


Cu Ag Au 
176-9 =-173°7 211-7 (s? pS d)? 5) 


Ca Sr Ba 
140°3 130°%6 1196 = (s? p8 5?) 


Zn Cd Hg 
2156 206:4 2391 (s? p® d!® s?) 


The presence of a completed d shell markedly raises the ionization potential 
of the element. The explanation of this phenomenon is related to the 
theory of the homopolar bond ; the additional mutual interaction of the 
s and d electrons evidently increases the strength of the attraction energy 
between the s electron and the atom. 

In the case of the fourth and fifth groups, it is worthy of note that the 
ionization potentials of the elements in the fourth group, possessing three 
unpaired electrons, N, P, As etc, are greater than the neighbouring elements 
of the fifth group, where only two of the p electrons are unpaired. The 
ionization potentials of the halogens lie between the corresponding elements 
in groups six and eight. In every case the inert gas, having a completely 
Alled series of s and orbitals has the greatest ionization potential. 

The dissimilar sequence of ionization potentials within a particular period 
(see Figure 8) is closely linked with the electronic character of the outer 
shell of electrons, whether it contains s, p, d or f electrons, and the number 
of unpaired electrons within each shell. 

The variation of the ionization potential in the groups of elements ts also 
of significance. As a general rule the ionization potential decreases as the 
group is descended, t.e. as the atomic number increases and the difference 
in the first and second periods is considerable, e.g. 


I, — lp = 80 kcals 

Ig —Ig = 74:7 kcals 

Ig — Ig, = 71-7 kcals 
The decrease is less, however, between elements of the second and third 
periods : 


lp — l,, = 11.5 kcals 
I, — 1. = 14 kcals 
Ta er los = O'2 kcals 


38 


PERIODIC CLASSIFICATION OF THE ELEMENTS 


This marked difference is possibly connected with the fact that in 
germanium, arsenic and selenium, a shell of d electrons is present. Com- 
parison of the various different ionization potentials, Table XJ, indicates a 
marked difference in ionization energy between electrons of different main 
quantum number. In this table the values given are relative to the ionization 
potential of hydrogen (312 kcals). In the atom of lithium the relative 
ionization energy of the outer 2s electron is 0-4 units, whereas the second 
electron, which is a 15 electron requires an amount of energy fourteen times 
as great, thus indicating that the electrons with quantum number nr = 1, 
are held much more firmly to the atom. In the case of beryllium, the 
successive relative ionization potentials are 0-7, 1°34, 11°3 and 16. Here 
there is a marked difference in value between the second and first electronic 
shells. ‘The same behaviour is observed with other elements, and in Table X] 
the change of main quantum number is indicated by the thick line. 


Table XI, Ionization Potentials relative to that of Hydrogen 


comat| gn, | Bese” | og | on | an | a ee 
Number electrons 
a) ae ee | eee a a a RE ee a 
He 2 | s? 1°84 4°00 
Li 3 5 o°4 59) 90 ie 
Be 4 s? o-7 1°94 F 113 | 16-0 
B 5 s*p 0-61 1°85 2°8 19°3 25 
6 s*p? 0°83 1-79 3°52 4°74 J 24°0 36-0 
N 7 s*p? 1°07 218 | 349 | 5:43 ! 7:19 | 40°5 
O 8 s*p' 1°00 2°58 4°04 5°69 8-07 10°14 
F 9 s*ps (1°33) | 2°57 4°62 6-40 756 | 11°0 
Ne 10 s*p® 1°58 3°02 4°67 
Na 11 5 0°38 5. 5-24 ia 
Mg 12 s? 0°56 1'10 5°89 
Al 13 s*p | 0°44 1°38 2°09 9°0 
Si 14 5*p? 0-60 1°20 2°46 3°32 12°47 
P ts s*p? | 0:80 1°46 2°22 3°53 4°78 
S 16 s*p* | 0-76 | 1°92 2°58 3°48 4°93 6°47 
Cl 17 s*p> | 0:96 5°00 (6-8) 8-0 
Ar 18 s*p® 1°16 
“K | ag | ss “og | 234 | 347 1. ae: _— 
Ca 20 s? 0°45 
Se 21 sd 0-49 
Ti 22 s*d? | 0°50 3°17 
Vv 23 s*d? 0°50 1-04 1-95 3°59 5°05 
Cr 24 sd6 | 0°50 1:23 | (2°0) (3°7) (54) 
Mn 25 s*d$ : 0°50 1-16 (2°4) (3°72) | (56) 
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Electron affinity— The electron affinity, which 1s a characteristic property 
of an atom in a similar way to the ionization potential, represents the energy 
Table XI. Experimental Values of required to combine an atom and a free electron 

Electron Affinity with the formation of a negative icn. Until 
relatively recently, values were calculated from 
the lattice energies of ionic crystals by the 

keals Born-Haber cycle. During the last ten years, 
———— however, the electron affinity of the halogen 
76 atoms has been determined experimentally’ and 
7) in Table XII the values of Ionov and DuKELsx1? 
are given together with the value for oxygen 
determined by VreER and Mayer®. These 
experimental values are in good agreement with the values calculated from 
lattice energies and from experimental heats of dissociation of the alkali 
metal halides. Calculated values of the clectron affinity for several 
different atoms are given in Table XIII. 


Table XIII. Calculated Values of Electron Affinity 


| 
Atom | Energy Refer | 


|! 


The electron affinity of 
: mercury according to the 
Energy| Refer-'| Atom | Energy! Refer- experimental data of Simon 


Atom 
aa ct sia ate _Keals | ™ and SEwarp}3 is close to 
11 ii : 

Bo: Bay) 9.1 ee ee | Ne ese | 1! 35 kcals, in reasonable agree- 
| B 3; ur i Al 2 | ment with the calculated 
| oe em er | p | = | a value. The energy required 
| , S| 7 48 | #2 to give two electrons to 

F 94 tio « Cl 85 12 
He | o | 10 || Ne |—28 | 12 || Ar |-23 | 12 Oxygen as calculated from 
Cup 23) tr Ag; 26 | rr i Au] 58 | 1 the lattice energy of oxides 
{ t 


is between — 157 and — 175 
TT muau—_————_sKeals, and for sulphur the 
energy of the reaction S-—>S?- is between — 71 and — 80kcals. As is 
shown clearly in Tables XII and XIII only the halogens possess a high positive 
affinity for the electron ; with oxygen the affinity for a single electron 1s less 
than in the case of the halogens, but the affinity for a second electron is 
negative. It may be concluded from these data that the tendency to form 
a complete electronic shell similar to an inert gas is not marked except for 
the halogens. The transition of N to N?— would require 550 kcals!!. In 
general therefore with atoms having three unpaired electrons the tendency 
towards taking up even a single electron is small and the electron affinity is 
close to zero ; with atoms possessing two and one unpaired electrons, the 
electron affinity may be considerable but with the inert gases the electron 
affinity has a negative value. 

The small affinities of lithium and sodium are of little importance, but 
copper, silver and gold, with completed d shells, possess marked electron 
affinity and whereas the alkaline earth metals, with completed s levels, have 
negative electron affinities, mercury, with a completed d and s level, has a 
high positive electron affinity. 

Electronegativity—-The comparison of atoms according to their electro- 
positive or electronegative character i.e. their tendency to form positive or 
negative ions has played an important part in the development of chemical 
theory, and is in many ways more important than comparisons of electron 
affinity and ionization potential. 

Consider two atoms A and B and let the electron of atom A be removed. 
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This process requires an amount of energy J, equivalent to the ionization 
potential of A. If this electron is now transferred to B there will be a release 
of energy F's, the electron affinity of B. The overall loss of energy in the 
transfer of the electron from A to B will be equal to J, — Fy. If we carry 
out the reverse process, removing the electron from B and transferring it to 
A the loss of energy will be J; — F,. If both these quantities are equal i.e. 
.—fa3=h—F,or4,+h=ht+ Fy 
then the transference of the electron from A to B with the formation of 
At and B~- demands the same amount of energy as the formation of A~ and 
Bt and both atoms may be regarded as being equally electronegative. 
If, however, 

— | Fae Fy>/, — F, then I, + Fy>Ig + Fy 
and it is more difficult to remove the 7 ,/, XIV. Electronegativity of Elements 
electron from A and transfer it to B, than aicording to AMullikan 
to transfer the electron from Bto A. Thus 
the electronegativity of A is more than 
that of B. Mutuixan!* has suggested 
that the values of J and F for each atom = Element 
may be used to calculate the electronega- 


Electronegativity 
keals 


uncorrected value | corrected value 


tivity and values calculated in this way F 510 586 
are given in Table XIV. Cl 385 452 
The lower values given in the second _ Br | 349 418 
column of Table XIV are due to the fact 1, ay oe 
that the ionization potential (considering Li : 135 135 


iodine) represents the energy involved 
in removing from the atom of iodine one 
of its paired p electrons, since the iodine ion according to the rule of Hund 
will have the following configuration : 


5 p 


According to Mullikan, for the formation of an ionic bond interest lies 
not so much in the normal ion which could take part in two covalent bonds, 
but in an ion of the following structure : 


YA AYA 


- p 


containing no unpaired electrons. This type of ion will be produced by 
removing from the atom the single unpaired electron, which will require 
more energy than the ionization potential leading to the normal ion, the 
difference between the two ionization potentials being equal to the excitation 
energy between the above two states. Mullikan introduced corrections to 
allow for this and the corrected values are given in the third column of 
Table XIV. The corrected values show the halogens more electronegative 
than hydrogen in agreement with their chemical behaviour. It is note- 
worthy, however, that the electronegativity value of hydrogen lies much 
nearer to the halogens than to the alkali metals. 


4!I 


THE STRUCTURE OF MOLECULES 


The electropositive character of the metals is determined by the fact that 
their ionization potentials are not great and their electron affinities are close 
to zero. The gradual variation of the electronegativity values of the metals 
is due to the progression of their ionization potentials, the electronegativity 
falling in the case of the alkali metals from lithium to caesium. Mullikan 
has attempted to calculate the electronegativities of polyvalent atoms but 
the values obtained can only be regarded as approximate, as the higher 
ionization potentials and the electron affinities, where several electrons are 
involved, are not known exactly. 
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THE HOMOPOLAR (COVALENT) BOND 


DEVELOPMENT OF IDEAS ON THE CHEMICAL BOND 


THE fundamental problem of chemistry, which may be briefly stated as the 
explanation of the combination of atoms to form molecules, has been 
the subject of speculation for a considerable time, and by the beginning of 
the nineteenth century a relationship between chemical reactivity and 
electrostatic charges on the atoms was contemplated. The investigation of 
the electrolysis of water, of aqueous solutions and of fused alkalis formed 
the basis for the electrostatic theory of valency developed by BERZELIUs in 
1812. This theory, which assumed that the force between atoms in 
molecules was ertirely electrostatic in character was found to be entirely 
satisfactory for a large number of inorganic compounds. The success of 
this theory was, however, shortlived. The development of organic chemistry, 
leading to the isolation of a large number of compounds whose properties 
were very different from the inorganic salts, led to the rejection of the 
electrostatic theory as a general theory of valency. The nature of the 
problem may be indicated by reference to the C-H and C-Cl bonds. In 
acetic acid it is possible to replace electropositive hydrogen by electro- 
negative chlorine leaving the compound more or less unchanged in its 
general properties, apart from an increase in acid strength. According 
to the Berzelius theory these bonds would be represented by C~ H* and 
C+ Cl- respectively and it was argued that if this were correct, the re- 
placement of a negative by a positive carbon atom would be expected to 
alter considerably the properties of the compound. Similarly with methane 
and carbon tetrachloride, whose formulae according to the Berzelius 
theory would be : 


Ht Cl- 
H+ C*- H+ Cl~- C4 Cl- 
Ht Cl- 


Again the very great change in the polarity of the carbon atom was re- 
garded either as impossible, or at least liable to produce a much greater 
change in the relative reactivity of these compounds than was observed. 

The systematic investigation of a large number of organic compounds 
led to the formulation, largely by VAn’T Horr and Le BEL, of a structural! 
theory of valency which permitted an adequate description of organic 
compounds and which is still of considerable application at the present day. 
The ideas of this theory were very simple, ascribing to hydrogen, oxygen, 
nitrogen and carbon valencies of one, two, three and four respectively. In 
contrast to the theory of Berzelius which had attempted to explain the 
nature of the force acting between atoms in compounds, the theory developed 
from the study of organic compounds made no attempt to explain the 
nature of the bonding forces. The structural theory has been developed in 
recent years and modified considerably by the introduction of such ideas 
as double bonds, partial valency and the resonance of valency structures, 
but the basis of the idea remains unchanged. 

An extension of the structural theory of valency was made by WERNER 
in the field of inorganic chemistry at about the same time as the develop- 
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a considerable contribution to valency theore, but this theor: together with 
that of Kossel must be regarded as an apprommadon, whicn althoren 


certain cases the nature of the molecule, faus to explain comopletely 
nature of the forces involved in the chemical bond. A soluten to this 
problem has only come as a result of the apphcation oi Quantum mecnecics. 


THE HYDROGEN MOLECULE 10N. H.7 


In the atom, electrons move in the eld of a single nucleus wherezs m 2 
molecule, the electrons exist in 2 field due to several nuclei and wave 
mechznics show that the latter state may be more favouradle on the basis 
of energy consideratons. Let us consider the amplest molecule rx: the 
hydrogen molecule ion H.~, iormed by the combinzton of 2 hydrogen 
atom and 2 proton. In this molecule a single electron exists in the el 
of two nuclei. The existence of this molecule has been cemonstrated 
spectroscopically and the heat of formation of the molecule fom 2 hydrogen 
atom and 2 proton is 61 kcals gm mol. ; the distance bemveen the arclei 
is 106A. The ion is, however, very reactive and the energy liberated in 
the reaction H,~ — ¢ = Hy, is 354 kcals and it has theretore, 2 very Emitec 
existence. The problem of the structure of the hycrogen molecule ion ts 
one which can only be cealt with adequately trom che point of view of 
wave mechanics ; attempts to apply the Bohr methed to the monen of 2 
single electron round two nuclei were completely unsuccessrul. 

The formadon of the hydrogen molecule ien may be conceived In the 
following way. Let an atom of hydrogen proton ¢ together with an 
electron) and a2 proton 6 exist iniually at 2 grea: Gistamce apart: 


G b 


In this position the electron evidently belongs to the nucleus ¢, beczuse it 
exists for by far the creater part of its time im the fleld of this nucleus and 
the probability of locating the electron very fer trom nucleus ¢ ts verv 
small, e.g. even if the distance between the nuclei is reduced t0 5 \ 1o7* cm 
the electron will be found near the nucleus @ only 1 in rol? vears. Thus 
it may be concluded that in this ininal state, the energy of the svstem 
is pracucally equal to the sum of the energies of the proton and the atom 
of hydrogen. However, as the proton 3 approaches the 2tom a, the proba- 
bility of the transfer of the electron from ¢ to 3 increases. and it mav be 
calculated, that when the distance berween the nuclei is 2 X ro7?em (2 A 

the transfer will occur once every 1o7!# secs. 

As the nuclei approach, the idea thar the electron belongs to ome par- 
ticular nucleus loses meaning and once the H,~ molecule has been tormed 
it is physically impossible to show whether the molecule has been tormed 
from atom ¢ and nucleus 6 or from 2tom 62nd nucleus c. It will, however, 
be convenient to picture three possible configurations of the electron in the 
system of two nuclei : 

I The electron may be regarded as being attached to nucleus ¢, and 

nucleus 4 1s denuded 

2 The electron is regarded as being attached to nucleus 6 and « ts denuded 

3 The transitional state when the electron is attached to both nuclei 

simulraneoush;; this may be represented physically as an electronic 
cloud between the two nuclei. 
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The resulting identity of states a and 6 and the production of the inter- 
mediate state results in the formation of a chemical bond. 

The first conclusion which may be drawn from this elementary intro- 
duction is that a chemical bond between two atoms is only possible when 
the atoms or molecules concerned have approached as close as approxi- 
mately 10-8 cm., since only at such distances 1s the probability of electronic 
transfer sufficiently great to produce bonding. The interaction energies fall 
off rapidly as the distance between the nuclei increases and from the point 
of view of chemical reaction, a distance between nuclei of 10-7 cm may be 
regarded as infinite. 

It will be clear from the above discussion that the delocalization of the 
electron plays an important part in the theory of the chemical bond. In 
place of the fixed orbits of Bohr, quantum mechanics leads to a statistically 
probable description of the state of the electron when it exists both in the 
field of a single or of several nuclei. 

In order to simplify somewhat the following treatment, use will be made 
of the atomic units of HARTREE! which result in a simpler form of the 
Schrodinger equation. The Behr radius, a = h?/4m?me? = 0-528A is taken 
as the unit of length, the unit of charge is regarded as the charge on the 
electron, ¢ = 4°799 X 107% e.s.u and the unit of mass is taken as the mass 
of the electron, which is 9:1 X 10-% gm. Energy is expressed in terms of 
the charge and the Bohr orbit, E = e?/a. This value, which represents 
twice the value for the energy of the atom of hydrogen in its ground state, 
Ey = e?/2a, is taken as the unit of energy and is equal to 27-08 ev = 624 
kcals/gm mol. 

Employing these units the Schrédinger equation 1.34 becomes 

V2s +2(F —V)y=0 exe (Od) 

The repuision energy between the electron and the nucleus will be — 1/r, 

where r is the distance from the electron to the nucleus in units of the 
Bohr radius. 

In the molecule H,+, r, and r, represent 

the distances between the electron and the 


; ‘ nuclei a and 6, and R is the distance between 
Je : the nuclei (sce Figure 9). The potential energy 
L s V will be the sum of the various charge inter- 


PR e . e e 
e—___#____“» action terms, t.e. interaction between the electron 
: and nucleus a, (—1/r,) ; interaction between the 
Figure 9. Coordinates for electron and nucleus 6, (—1/r,); and the mutual 
the hydrogen molecule ton : : d : 

interaction of the two nuclei (+ 1/R). 
The total potential energy is thus given by 


V=—1/r,—1/rn4+- 1/R nese 3.2) 
and the Schrédinger equation for the H,+ molecule becomes 
Vey + 2(E + l/r, + 1/ry — 1/R)p = 0 .. ++ (3-3) 


This equation describes the state of the electron for a particular value of 
R; variation of the value of the internuclear distance gives different values 
for the encrgy of the system. When & is large, the interaction energy 1s 
zero but as the atom and the proton approach each other, the electron 
attracts both nuclei and the potential energy is decreased, t.¢. an exothermic 
process has taken place. The decrease of energy, however, has a limit, 
becuase as the nucle: approach each other, their mutual repulsion 
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reduces the attraction due to the electron and ultimately at very small 
distances, is greater than the attraction energy. Thus a stable equilibrium 
state, where the energy is a minimum, will exist at a particular value of 
R which is found by experiment to be 1-06 A. 

For the hydrogen molecule ion it is possible to solve the Schrédinger 
equation and calculate the energy of formation of the molecule. The 
solution is only approximate, however, and the value for the energy cannot 
be regarded as exact, but the solution does permit a picture of the forces 
involved in a chemical bond to be obtained. As pointed out above, when 
the distance between the nuclei is great, the system may be considered as 
an ih a and a separate nucleus 8. The Schrédinger equation then has 
the form 


Te + 2(E + 1/r) te = 0 (3.4) 
which is identical with the equation for the hydrogen atom. The wave 


function yw, refers to the electron in the field of the nucleus a. The solution 
of this equation in atomic units (see Zable IV) will be 

be = {exp (—1,) Va oo 0s (3.5) 
This solution is only approximate as the electron 1s also attracted towards 
the nucleus 5, which thus exerts upon the electron a ‘ perturbing’ action. 
The term perturbation has been borrowed from planetary mechanics. [fit 
be imagined that the movement of the earth round the sun has been 
calculated considering only the presence of those two bodies, then this 
calculation would only be approximate since other planets, e.g. Mars, 
exert some influence on the path followed by the earth. This influence is 
termed perturbation and the resultant orbit is a perturbed orbit. 

In the problem of the hydrogen molecule ion the perturbation is repre- 
sented by the existence of an additional energy of interaction, that of the 
electron with the second nucleus, which will have the value 1/ry. Owing 
to the distance between the nuclei, the perturbation is small and would 
appear to be fully accounted for in equation 2.4 and its solution 3.5. But 
the electron may be located at b, in which case the system would consist 
of a nucleus a and an atom 8. In this way the function %, is, by itself, 
insufficient for the description of the state of the electron, and there is an 
additional solution yy, referring to the elcctron in the field of the nucleus 6. 
Each of the functions % and y, corresponds to the same value for the 
energy of the system since in each case the system consists of an atom of 
hydrogen and a proton. 

Since we have two functions corresponding to a single value for the 
energy, the linear combination of these functions will also be a solution 1.e. 


yp = ¢ We + Coys eeu (26) 
where ¢, and ¢, are certain coefficients. 

It must be appreciated that this solution is approximate, since it is a 
combination of the functions %, and y. Such a solution will be correct 
only when R is great and the perturbation produced by the second nucleus 
is small. If the distance between the nuclei is decreased, perturbation 
becomes important, but for the moment the solution in terms of the equation 
3.6 only will be considered. The coefficients c, and ¢, are chosen so that 
the energy of the molecule is a minimum. This means that of all the 
approximate functions of the form of 3.6 the best possible approximate 
solution will be chosen. This process is termed the variation method. 
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The Schrédinger equation, 


774 +2(F —V)p=O0 sects SUE) 
may be rewritten in the form : 
(— V?/2+V)p = Ey steel 39) 
or replacing (—V?/2 + V) by the Hamiltonian operator & : 
Hy = Ey . «+ (3.8) 


Since this condensed form of the Schrédinger equation will frequently be 
referred to in the following discussion, it will be convenient to make a 
digression here to discuss briefly the properties of operators. 

An operator is an abbreviated expression representing a particular 
mathematical operation. Operators are used even in elementary mathe- 
matics although that particular term is rarely used in that connection ; 
thus a? is written for the successive multiplication of a by @ and again by 
a. In the same way the symbols In and sin are operators. The calculation 
of the differential coefficient d/dx is also a specific mathematical operation. 
Let this operation be represented by the operator D such that the action 
of the operator on a function e.g. x*, is represented by Dx?, the function 
being written on the right hand side of the operator vzz 


Dx? = £ x2 = 2 


In a process of multiplication the actual order in which the multipliers are 
written down is of no importance, e.g. PEy = Eys*, but when the process 
of differentiation is considered there is a significant difference whether the 
function is to the right or to the left of the operator D. Thus xDx is not 
equal to Dx? : 


gs fe EN cass py te. Ee 
xDx = x(x) =x; Dx =e ee 


Thus a multiplier on the left hand side of the operator indicates that x is 
multiplied by the function which appears as the result of the action of the 
operator D on x, whereas a multiplier on the right hand side of the operator 
indicates that the functions are first multiplied together and _ the 
operator then acts on the product. 

In equation 3.8 the operator # is given by : 


2 
BED NB ae a a 8 9 ge cea 359) 


and its action on a function placed on the right hand side of X involves 
the determination of the second differential coefficient for each coordinate, 
followed by division by 2, a reversal of sign and the addition to the resultant 
expression of the function V. The expression Ey in equation 3.8 means 
simply that £ is multiplied by the function y, since £ is not an operator. 

From equation 3.8 an expression for the energy of the H,+ molecule 
may be determined. Let both sides of equation 3.8 be multiplied by ~ 
and integrated over configuration space 


[ $3pdr = [Eyer .. + (3.10) 
The right hand side may be rewritten as E { w?dr, but no such simpli- 
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fication can be made with the left hand side. Thus from 3.10 it follows 
that 


PO Lod oad 
[yds 


Since the function ¥% in equation 3.11 cannot be determined, the approxi- 
mate solution for the case of the H,* molecule viz 


b = cya + Cos .+++(3.6) 


must be used. The variation method consists of choosing a function ~ 
such that the minimum value of the energy is obtained. The use of 
equation 3.6 can only lead to an approximate value for E, since it is based 
on solutions which are true only when the distance between the nuclei is 
large. Exact quantitative results therefore must not be expected; the 
value of the method lies in the information obtained concerning the nature 
of the chemical bond. 
For the hydrogen molecule ion the Hamiltonian operator has the form . 


H = — V2/2— Ir, — Ufry + WR .. + (3.12) 


and thus the problem becomes that of obtaining the minimum value of 
the expression 


oo [oo (— 99/2 = Ura — Ury + UR) dr 
{ W2dr 
Substituting for % from equation 3.6 we obtain, 
| ete + eae) (= 992 = Ure = Ute + UR) (Cathe + cae) a 
| (Cae + Catbs) 2dr + (3.14) 


and since c, and ¢, are constants independent of E, 
ne” [¥eH pede + C30 [sd bade + ey¢9 | Wal adr + 4 [Po pads 
c1? [Warde + 2cy0p [dedadr + cy? { Wy2dr (3.15) 


This expression may be simplified in view of the fact that in the particular 
case being considered there is no distinction between the two nuclei a and 
6 and hence 


.... (3-11) 


»... (3.13) 


[ped dade = [WX pdr ss (3.16) 


The expression 3.16 may be proved as follows. The left hand side of 
equation 3.16 on substitution for # becomes : 


Vv" J 1 H 
{ ¥. ( —_ Zhe phe oe + Rie)dr tet Sel) 
but from the solution for the atom 8, 
— VPp/2 — Ps [ro= Ess - +» + (3.18) 
which on substitution in 3.17 gives 
[ beBsysdr — [estar + [tstea, 2. (3-19) 
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Similarly the right hand side of equation 3.16 is given by 
v* 1 1 ] 
[ os ( — ye — Ye — a + ibe) dr 


ry 


— [eB abadr — [eetar + [eetar . +++ (3.20) 


and since E, = E, equation 3.16 is correct. The functions ¥, and yy, are 
solutions of Schrédinger’s equation for the separate atoms and may be 
normalized to unity, 7.¢. 


[ de2dr = Land [ yy2dr = 1 »... (3.21) 


Equations 3.16 and 3.21 permit 3.15 to be rewritten in the form 


oat { Ya padr + 2eyey [vad adr + 42 i) UIE acer 


. . (3.22) 
at Zeca | Paydr + Co” 
Let 
: | ba wads C= | bit pdr 
Hy = | PH podr Sab = Parbydr . ++ (3-23) 


Then equation 3.22 becomes : 
ee = 61% aa oe Be yeyAl op - + t+ Co? Hs 
oo C, 9 Bi G57 20,CoSab oe 2 @ (3.24) 


In order to obtain the iain value of E, 3.24 is differentiated with 


wE py 
respect to c, and c, and the derivatives — and .— equated to zero. Thus : 


OC) Wo 
OE (2c, (2c, KH sat ~ 26H ab) (¢,7 + Co%* +2656 gS) — (2, + 26 Sap) (¢ (c," HE sa $ 26 62 Hay t Co? Ho») 
oC, (12 + cg? + 2c,c,S4,)? 
OF (26, Hart 2co H yp) (Cy? +62? + 2c, CrSqp) — (262 + 2¢ Sav) (61? Hoa + + 2eye, Hate H grtee? ‘IE yp) 
OC, (643 + Cg? + 2cycoSqp)? 


or, 

5 re _ 5 (¢1°>H oa a it 26 y6oH oy + ty*He) __ 

(26, Hag + 2¢,H ay) — (2¢, + 20S a5) Py c2 1 de a rae 0 | 

and 
| (657 Hag + Qe CoH ay + Cy? AH 54) _ . 

(2c, Hos + 26H pp) — (265 + 2¢ Sab) oss ae co? oe eal 


. . (3.26 
On combining with equation 3.24, 3.26 may be written as : oy 
(26, Hoo + 2co.H 0) — (2c, + 2,5) = 0 erdie( Sez) 
(2¢; Hav + 25H) — (2¢. + 2c, Sak = 0 
and we obtain two cquations of the first order with two unknowns, ¢c, and 
Cx, Which inay be written in the form : 
F €\(Hoo — FE) + Cy(H a — ES) = 0 aa (3228) 
an 
C)(Har — ESav) + Co(H my -- FE) == 0 ‘6a 3s2Q) 
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The equations 3.28 and 3.29 are a pair of simultaneous equations of 
the form : 

5x — 3y = 0 

6x — 4y= 0 


It is evident that x = 0 and y = 0 are solutions of equation 3.30, but the 
question arises, are other solutions possible? From the first equation it is 
evident that x/y = 3/5 and from the second that x/y = 2/3. Thus since 
the ratio x/y derived from the two equations is different, it is evident 
that the pair of equations 3.30 have no non-trivial solutions 7.e. no solutions 
other than x = 0, y =o. For the more general system 


. + + (3-30) 


ax + by = 0 
pao se, iesea (BiB) 
it follows that 
— b/a = — d/c or be = ad ».- + (3-32) 


In such a case there exists a definite relationship x/y which satisfies the 
equations other than the solution x = 0, y= 0. Equation 3.32 may be 
written as a determinant constructed from the coefficients of equation 
3.31, thus : 


=— 0 See (3°33) 


The solutions of equations 3.28 and 3.29 in which ¢c, = 0 and cg = 0 
are clearly of no interest to the present problems ; other solutions will exist if 


Hos —E KH op — ES 
=— 0 nade 3634) 
Ha» — ES, Hy» —E 
or 
(Hao = E)(H —_ E) —_ (H a» = ES.) ? = 0 ee - (3-35) 


Such an equation is generally referred to as a secular equation. From this 
equation it is possible to determine FE. This is the best solution obtainable 
commencing from a function of the type 3.6, although it must be pointed 
out that the choice of a more complex function, leading to a better approxi- 
mation, might be made. 

In the case of the hydrogen molecule ion both atoms, with nuclei a or 4, 
are identical and hence 


H ae cae H vy aes (3.36) 
and thus equation 3.35 simplifies to 
(Hu. — FE)? = (H3 — ESa)? . ++ (3-37) 
and so for the energy E, two expressions are obtained : 
Hoo + H 
a TS. » + + (3.38) 
and 
H oa = H 
E,.=ss .. ++ (3-39) 
1 — Sop 
From 3.28 it follows that, 
oy _ Hay — ESy 
;, ¥. . . (3.40) 
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and by substituting the values obtained for E in equation 3.38 and 3.39 
into 3.40 it is found that ¢,/¢g = +1, te. 

¢;= +e, or cy = — Cy ». +. (3.41) 
Thus the two different functions which exist, corresponding to the two 
energy values £, and £,, are: 


Py = 6, (He + pr) . +++ (3.42) 
Yo = 6y(fo — yr) . +++ (3.43) 


and these functions represent solutions of the wave equation for the hydrogen 
molecule ion given in equation 3.3. 

Absolute values for the coefficients ¢, and ¢, may be found from the 
normalization equations : 


[bade = cy2f (Ye + pode = 017{ [ter + 2 posdr + fytdr} = 1 


which from equations 3.21 and 3.23 simplify to 


and 


6,7(2 + 2S) = 1 .. ++ (3.44) 
and consequently for yj, 
] 
11 8 75 4 Sa . +++ (3-45) 
and for wp, 
Cy = — Cg a ae .. ++ (3.46) 
V 2 _— 250 
The following expressions are thus finally obtained for #%, and y#, : 
d Py = (fe + yo) /(2 + 2Sa0)¥ -.++(3-47) 
an 
bo = (Po — Yo) /(2 — 2Sa)# -- + +(3-48) 


where ys, and y, are solutions for the hydrogen atom, 
Yo = {exp (—1,) V7 
Ye = lexp (—n) H//™ -+++(3.5) 
The fact that two expressions for the energy have been obtained and 
two wave functions ¥, and yf, is not fortuitous, but is most important from 
the physical representation of the chemical bond as we shall see later. 
We shall now calculate the values of the integrals Hoo, Hm», Hoy and Sop. 
By definition, 


Wiss f yet — V2/2— fr, — Ir + WR)edr —.... (3.49) 
in which y¥, is the solution of the equation for the hydrogen atom viz, 
(= 2/2 — Mrs) pa = Bathe (3-4) 


where £, 1s the energy of the hydrogen atom. By substituting equation 
3.4 In 3.49 we have, 
en eee [(p2/n)ar +YR=E,4C+1K — ....(3.50) 
where 
CH= | (e2/re)dr » (3.51) 
In this expression, w,2dr, as has been shown, represents the probability of 
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locating the electron in the element of space dr; this probability is pro- 
portional to the density of the electron cloud at any given point, and C 
may be regarded as representing the energy of the interaction of the electron 
cloud with the second nucleus and thus represents the Coulomb energy of 
attraction. 

The integral #%.,., thus represents the energy of the hydrogen atom 
together with the Coulombic interaction of the electron of hydrogen atom 
a with nucleus 6 and of the nuclei with each other, 1/R. In the same way, 


Hoy = Ey — [(po%fraldr +YR=E+CH+YR ....(3-52) 
and since both nuclei are identical, 
ao — H vp severe (3230) 


By definition, 
Oz | be — V 2/2 —rea— Vr + WR)prdr —... (3.53) 


which on combination with equation 3.4 v2z, 


( — V7/2 — Ifre) pb. = Ente - +++ (3-4) 
leads to 
Hav = Ex | Yattsdr — | (Yaiolre)dr-+1/R | poydr —... (3.54) 
= ES + 1 + Sao/R 
An integral of the type, J = — { (.,/r.)dr, termed a resonance or exchange 


integral, is met here for the first time and represents the energy of inter- 
action of the electron cloud with one of the nuclei. 5S. is generally referred 
to as a non-orthogonal integral. 

Substitution of equations 3.50 and 54 in 3.38 and 3.39 gives 


C+ 

#1 =E,+5 Rt14Se0 s+ (3-55) 
f 

a ee +R + f= 2 (3.56) 


It is possible to show that the integrals C, J and S.., which have been 
introduced into the formula for the energy, may be expressed in terms of 
the distance between the nuclei as follows : 


C= — Rt (“eer (— 28) -. +e (3.57) 
LS 4 Rept]? 62 (3.58) 
Sao = (1 + R + R?/3) exp ( — R) - ++ + (3.59) 


Like £,, the integrals C and IJ are negative, and so when the state of 
the system is such as can be described by y, as in equation 3.47, an 
additional stabilization of the system occurs, the energy of the molecule 
being lower than that of a system consisting of a separate atom of hydrogen 
and a proton by the quantity . + < . This energy term with positive sign 

ad 
represents the bond energy, which is released on the formation of the 


molecule. 


33 


THE STRUCTURE OF MOLECULES 


By the use of equations 3.55, 3-57; 
3.58 and 3.59 it is now possible to 
determine the energy of the bond in 
the hydrogen molecule ion as a func- 
tion of the internuclear distance R; 
this is shown in Figure 10. It will be 
noticed that the energy passes 
through a minimum, the position of 
which corresponds to the ground 
state of the stable molecule. The 
calculated value of the bond energy 
is 41 kcals and for the internuclear 
distance, 1-32 A. The agreement 
with the experimental values of 
61 kcals and 1-06A is not good, but the discrepancy is due to the fact that 
the atomic functions f.and x», have been employed in order to describe the 
molecule. In spite of its approximate nature, the above treatment is of 
considerable value in that it serves to introduce an important physical 
concept. The fact that the electron may be located ina position where it is 
equally under the influence of both nuclei emphasizes the fact that the 
two atoms, as described by the functions ¥, and ys, do not exist separately 
but are superimposed. The particular function describing this state of the 
molecule will now be discussed in more detail. 

The function describing the case where bonding occurs has the form : 


Energy 


Orstonce between Nucler BR 


Figure 10. Energy curve for the hydrogen 
molecule ton 


by = (Ye + dr) /(2 + 25.0)! - +++ (3-47) 
and substituting for ¥. and y, from equation 3.5 we obtain 
$b, = {exp (— 1.) + exp (— 1) }/{7 (2 + 25a)}# — ....(3.60) 


The square of this function which determines the density of the electronic 
cloud at any point is 
p,° = (p,” a Jha 2 bs ) /( 2+ 2 Sas) 
= {exp(—7,) texp(—7,) + 2exp(— 7. — 15)}/7 (2 + 258, ) 
oo. (3.61 
It is evident from equation 3.61 that we can consider the total electronic 
cloud as made up of three parts. The first two of these viz, 


pa” = {exp (— 2r.)}/7 and py? = {exp (— 2n)}/a 


represent spherical clouds corresponding to the electron being at one or 
other of the nuclei. The third term, 


P Micxsnsnth Eye 
corresponds to an ellipsoidal cloud.* 


The resulting electron cloud is shown 


—————— ow diagrammatically in Figure 11. The 


upper curve shows the value of the 
S ————a Z/ function ¥,? along the line joining the 
nuclei and the lower diagram gives the 


Figure 11. Electron distribution function contours of equal electron density. 


for the hydrogen molecule ion The electron cloud shows a lower 
* For the electron cloud, We? = {exp ‘— 279)}/w levels of equal density are determined by the equation 
exp (— 27g) = constant, or fg = constant, t.e. the levels of equal density appear as concentric spheres with 


the nucleus as centre. In the case of the cloud 2WeWe = {2 exp(— re — ra)}/r, levels of equal density will be 
given by exp (— re — 7b) = constant or re + ry = constant. This equation corresponds to an ellipsoid with 
centres at the nuclei a and 6. 


5+ 


THE HOMOPOLAR (COVALENT) BOND 


density in the region between the nuclei. The emergence of the chemical 
bond may be regarded as due to the fact that the superposition or resonance 
of the two states given by y. and y, leads to three structures, represented 
by 2”, y” and the transitional structure, Pay. 

An analogous phenomenon appears in optics. If g represents the 
amplitude of a vibration, then the intensity of this vibration is y*. If two 
amplitudes are added together, i.e. when the two wavcs interfere : 


and the intensity of the resulting vibration 1s 
yp? = (9, + 92)? = 9)" + 2" + 2192 - +++ (3.63) 


Thus this problem also does not resolve itself simply into the sum of the 
two intensities, but may be greater or less than (¢,* + ¢,*) by the quantity 
29195. 

The relative contributions of the individual structures to the resulting 
electronic cloud is termed the weight of that structure. These quantities 
represent the ratio of that part of the electron cloud corresponding. to a 
given structure to the total electron cloud and are generally expressed as a 
fraction or a percentage. From equation 3.61 it follows that these contri- 
butions are for the first structure, .7/,7(2 +25); for the second 
structure, %,7/#,7(2 + 25..) and for the third or transitional structure, 
ZPor/,72(2 + 25). Integration of these functions throughout space and 
normalization leads to the value for the first and second structures being, 
1/(2 + 2S.) and that for the transitional structure being, 5S,5/(1 + So). 
If the value of S,, for the equilibrium position of the H,+ molecule is now 
substituted, the following structural weights are obtained : for the first and 
second structures 31 per cent each, for the transitional structure 38 per cent. 

It must be realised that, in view of the assumptions made, these calcu- 
lations are only approximate, but nevertheless this treatment of the H,+ 
molecule makes an understanding of the nature of the chemical bond 
possible. A more exact solution would lead to more complex functions 
in view of the fact that the electron cloud is really continuous and the 
division of the cloud into three parts is a considerable simplication. The 
more exact solutions of HyLLerRaas and JAFFE? show almost exact agree- 
ment with experiment for values of the bond energy and internuclear 
distance. 


THE HYDROGEN MOLECULE, Hy 


In the hydrogen molecule two electrons exist in the field of two nuclei 
and attempts to solve the Schrédinger equation for this case have proved 
unsuccessful. An approximate method similar to that given above for the 
simpler case of the hydrogen molecule ion may, however, be solved. This 
was first carried out by HEITLER and Lonpon? in 1927. 

Previously we have only considered the application of the Schrédinger 
equation to problems involving a single electron. In the case of several 
electrons, the wave function depends upon the coordinates of all the 
particles, (x) ¥) Z)-.... Me Ve Zee ws Xn Jn 2n) Where i is the number of 
the electron which can have any value from 1 to n, where n is the number 
of electrons. 
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Thus the Schrédinger equation for the case of n electrons will be 


ET LS LS OTR pe 
> (F sat at) +2E—V)b=0 — ....(3.64) 
where V represents the sum of all the potential energy terms for all the 
particles. Equation 3.64 may be more briefly written as 


vty 4 2(E —V)p =0 .. ..(3.65) 


In this case *dx,dy,dz,....... dx, dy _dZp 
will represent the probability of the first 
electron being located between x, and 
x, + dx,, y, and y; + dy, z; and z, + dz, 
and of the second electron between x, 
and x, + dx, Yo and yo + dys, Z and 
Zo + dz, ete. 

For the molecule of hydrogen there are 
two nuclei, a and 6 and two electrons, 1 and 2 
(see Figure 12) and we shall define : 


i=! 


Figure 12. Coordinates of the 
hydrogen molecule 


Ts, = distance between the first electron and the nucleus a 
oe = » 9 »» second ,, > 99 9 a 
= ” 9 ” first ” » 9 9 b 
sn Fe) »» », second ,, 999 2» b 


Rw» = the distance between the nuclei a and } 
11, = the distance between the two electrons. 
The potential energy term will consist of the various energies of inter- 
action of the electrons with the nuclei, of the nuclei with each other and 
of the electrons with each other. Thus in atomic units the potentia! energy 
is given by, 
V = — 1fre, — Ifreg —1fn, —Ifrn, +1/kK + 1/r,, ....(3.66) 
and the Schrédinger equation for the hydrogen molecule becomes : 
Vi = V 754 + 2(E => fre, a fra, a I/ry, a frog = 1/R Bion, 6 0 
w+ (3.67) 
where as before, 
02 02 o? 


Viet ye ae . «+ + (3.68) 
Putting equation 3.67 in the operator form, we have 
Hy = Ey ....(3.69) 
where 
HX = —V 2/2 — 22/2 — Ifray— Ure, — 1m, — Urey + L/R + I/r,, 
..++(3.70) 


The treatment which we shall employ here is similar to that used for 
the hydrogen molecule ion. The two atoms will be considered as being 
initially a sufficient distance apart to prevent interaction. Under these 
conditions the atoms may be considered separately and electron 1 will be 
at nucleus a and electron 2 at nucleus 4. The total energy of the system 
will be she sum of the energies of the two atoms t.e. 2E,. The state of the 
system is described by the expression 


ty = Ha(1)p0(2) = {exp (— 7 — 15) }/Va ++ - (8-79) 
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in which (1) indicates that the first electron is located at nucleus a, and 
y»(2) shows that the second electron is located at nucleus 6. .2(1)dx,dy,dz, 
represents the probability of finding the first electron, belonging to nucleus 
a, in an element of volume dx,dy,dz, and 7,2) dx,dy,dz, represents similarly 
the probability of finding the second electron, belonging to the nucleus & 
in an element of volume dx,dy,dz,. When the nuclei are a considerable 
distance apart, we may assume that these probabilities are independent of 
eaeh other and the probability of finding the first electron in the volume 
element dx,dy,dz, and the second electron in the volume element dx,dy,dz, 
simultaneously, will be equal to the product of the individual probabilities : 


ib y2dr = pa?(1) bo?(2)dx,dy,dz, dxqdy.dz. +. -(3.72) 


1 = Ha(1) Ys (2) -++ + (3-71) 
The probability of the transference of an electron from one nucleus to 
the other will increase as the nuclei approach each other and from the point 
of view of wave mechanics it is incorrect to locate the first electron at 
nucleus a and the second electron at nucleus 56. The two electrons are 
indistinguishable and it 1s impossible to regard one electron as located at 
a certain nucleus. Therefore in addition to equation 3.71 we must con- 
sider a second expression in which the electrons have been transposed, 


Yo = Po(2)¢o(1) --+ + (3.73) 
The two functions %, and 4%, both correspond to the same energy value, 
so that the system is two-fold degenerate. Hence the linear combination 
of 3.71 and 3.73 will be a solution, 
P= Cy + Cope = Cyo(1) po(2) + cofe(1)ye(2) ... . (3-74) 
The solution now follows the same procedure as in the case of the H,+ 
molecule, and consists in the evaluation of the coefficients ¢, and ¢, for 
which the expression 


and 


| $20 pdr 
wT iar ies Sort) 


is a minimum. In polyelectronic problems integration must be carried out 
for all the coordinates of all the particles, and dx,dy,dz,dx,dy.dz. is 
normally written dr,dr.. 


Substituting equation 3.74 in 3.11 gives 
sf Aeatel Yo ®) + cata) Hal) f 3 {erPe(d) Yol2) + cov Hdal@) } dead 


2 
[ {eva Yo(2) + cove(1)He(2) }'drydry 
-aee( 3-75) 
Simplification and normalization, since ¥, and yf, are solutions for the 
hydrogen atom v7z 


[ ¥.2dr = 1 and | deedr = ] .. + (3.21) 
leads to 
pees Cy2H yy + Co’H on + 26H yo <oeal3-76) 


12 + oy” + 2¢,¢,S45 
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in which 


Hx, = { Poll) Yo(2) Hpo(1) o(2)dr dre 
Ho = [ Yo(1) po(2) 2 Yo(1) Pa(2)dr dry 
H yp = [ Poll) po(2) 2 Yo(2) dull) dr dry 
Sto = f Yo(1) Yo(1) H0(2) Po(2)dr dr, 


Differentiating 3.76 with respect to c, and ¢c, and equating to zero gives 
DE _ (26H yt Beg ys) (6s*h 62? Bee e531) — (Bey + 2c 019) (65° aches’ ay 2664 ss) _ 


- -(3-77) 


de (es? + ea + 2eyeSi2)* =a 
Cro (262K pat 26, H 19) (C2 69?-+ 26 4652.9) — (269+ 26,539) (Cy2HC prt? HE g9+26 162K 39) —0 
OCs (¢,® + ¢3? + 2c,cyS,2)? 

. - (3.78) 


and following the method of simplication employed in the case of equations 
3.25 to 3.27 we have: 


C\(H 4, — E) + ¢o(Hy, — ESj.) = 0 + (3-79) 

6\(H 2 — ESy0) + ¢,(%_, —£) = 0 

From which it follows that : 
Hy, —E H 1, — ES 


= 0 . (3.80) 
Hyp — ES}, H22—E 
and hence 
4 (41, — E)(H 5. — E) — (#1, — ES),)? = 0 »++-(3.81) 
an 
(4, — E)? = (#1, — ES,,)? .. ++ (3.82) 
since, as before, it may be shown that 
H 1, = Ho, - +++ (3-83) 
From equation 3.82 we obtain two expressions for the energy viz, . 
4 Ey = (#4, + Hy2)/(1 + S42) .. ++ (3-84) 
an 
Ey = (11 — %42)/(1 — Syp) . +++ (3.85) 


We will now consider the meanings of the integrals #,,, #4. and Sj. 
We have, 


=f val yut2y{—S Ze 222 54 Ladner, 


Ta, Tb Ta, Ts 
. - (3-86) 


The wave functions ¥, and yy are solutions of the Schrddinger equation 
for the bydrogen atom, i.e. 


(-“2'- 7) ¥ = EQ) 


(- 5) we) = we) | 
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where £, is the energy of the hydrogen atom in its ground state. Intro- 
ducing the relationships 3.4 into 3.86 we obtain, 


#4, = 28, + f { -—-- 


">, Ta, 


1 1 ; 
eae } $221) Yo2(2)dr dre = 28, + C 


ius (9-89) 


The term C is the Coulombic integral representing the interaction energy 
of the electrons with the nuclei and also the interaction energy between 
Po ( 
r 
b, 
the attraction of electron 1, z.e. the electron originally located with nucleus 


z) dr, represents 


the electrons and the nuclei themselves. The integral | 


2 
a, for nucleus 4 and similarly | we) dr, is the attraction of the electron of 


3 
atom 6 for the nucleus a. The term 1/R represents the energy of repulsion 
of the nuclei and | Wa*(1) f,2(2)dr,d7,/r,. the mutual repulsion energy of 


the electrons. 
In exactly the same way it may be shown that 
Hoo = H,, = 26,4 C .... (3.88) 
The integral 2, is, however, the most interesting to the present study. 
By definition, 
Var. Ver oT. TD bk ol 
Ho = { bal) yy (2 {-3-2 --—=---~ +34—} 1) y),(2)dr,ds 
12= [¥a(1)y4(2)) GEG Rt; fool) bel2)er ars 


T T T, T 
4, BT @, PS 


=2E,f Yell) w2)drydre +f {--p+R+— }x 
x Yall) Ya(I) al) Yul) dr dr 
= 2E8,,+ 4 » e+ « (3-89) 


The integral A in 3.89 represents a new type of expression with no 
analogue in classical mechanics and only an approximate physical picture 
of its significance may be made. It may be regarded as the energy 
developed as a result of the exchange of positions by the electrons as 
represented by the expression 


Ya(1) Yo(1) a2) po(2) 


Furthermore by definition from equations 3.77 and 3.23, 
Sia = | a(t) Yo(1) po(2) po(2)¢r srg 


= J pol) Po(1)dry | fol2)po(2)drg 
= Sea- +++ (3.90) 


By the substitution of equations 3.87 and 3.89 into 3.84 and 3.85 we obtain 
the following expressions for the energy of the hydrogen molecule, 


E, = 2E, + (C + A)/(1 + S42) .. + (3-91) 
E, = 2E, + (C — A)/(1 — Sy2) .. (3-92) 
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Evaluation o: the integrals C and A shows that both have negative 
values and that the value of the exchange integral A exceeds considerably 
that of the Coulombic integral C. £, is thus less than the sum of the 
energy of the two free, non-interacting hydrogen atoms, 2%, and thus 
corresponds to the case where the atoms are mutually attracted and form a 
stable hydrogen molecule. In the second solution, since 4 is larger than 
C, &, will be greater than 2/, and thus the energy of the system will have 
increased as a result of the electron exchange. Such a case can only lead 
to the repulsion of the atoms. 

Substitution of equations 3.87, 3.89, and 3.91 in 3.79 shows that when 
bonding occurs, 


Qleg=1 or ¢,=¢, . «++ (3.93) 
and the substitution of 3.92 in 3.79 leads to the relationship 
éF.Je.= —1 or ¢=—-6e, ..-- (3.94) 
Thus we have two possible functions representing two states of the hydrogen 
molecule viz 
Pr = € { Pall) po(2) + poll) po(2) } - ++ +(3-95) 
and 
Pir = 6) { Poll) po(2) — Yo(1) Pa(2) } . «++ (3.96) 


or introducing the values of ¥ for the hydrogen atom in its ground state, 
pr = {exp ( — fog rr ) + exp ( — To, — To )} {7 (2 + 2S 9)4} 

- (3.97) 
bu = { exp (— Ta, — %,) — exp (— 1, — ro) {a (2 — 25,2) 

.» « «(3.98) 

where the terms 1/{m(2 + 2S,,)t}are obtained by normalization in the 


same way as was shown in equation 3.44. On squaring #, and y,, we 
obtain expressions for density of the electron cloud : 


yy? = { po?(1) o?(2) + Yo? (1) fo7(2) 4+ 2yho(1) Yo(2) Ya(2) Yo(1)} / (2 + 2Sy0) 
= { exp ( — 2[r.. + 7,]) + exp ( — 2[r, + 70]) }/ {((2 + 25y2)0?} + 
+ {2 exp ( — [ro of To os ra as ro J) ¥/{ (2 + 2S 1_)7? } - + + +(3-99) 


prs? = {Po?(1) po?(2) ++ po?(1) pa?(2) — 2yha(1) po(2) pa(2) po(L) } (2 — 254. ) 
= { exp ( — 2[r. + J) + exp ( — 2[re + T,]) }/{ (2 — 2Syq)a?} — 
—{ 2exp(— [re + +1 + r H/{ @- 2S'5)7?} .. «+ (3.100) 


The first and second terms of equations 3.99 and 3.100 represent the spherical 
electron clouds, corresponding to the presence of the electrons at the nuclei 
whilst the third term describes the exchange cloud, which is elliptical in 
shape. This we shall term the transitional structure as for the hydrogen 
molecule ion. 

In the hydrogen molecule the contribution of the first structure to the 
final state of the molecule is ¥.?(1)%?(2)/p,2(2 + 25;,), similarly the con- 
tribution of the second structure is Y,?(1)%o2(2)/~,7(2 + 25,,) and of the 
transitional structure 2.(1) (2) p.(2) po(1)/y,7(2 + 25,,). Integration of 
these functions throughout space and normalization to unity leads to the 
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expressions 1/(2 + 25,5) for the first and second structures and S,o/(1-+S}.) 
for the transitional structures. 

At the equilibrium position, $,, = 0:56 and hence the structural weights 
of the first and second structures 1s 32 per cent and of the transitional 
structure 36 per cent. 

The electron cloud where a chemical bond is formed is shown in Figure 13 ; 
Figure 14 shows the corresponding case where repulsion occurs. In the 
latter if we consider the electrons to be equidistant from both nuclei (i.e. 
when To = fr, and to, = Tr,) it is found on substitution in equation 3.100 


that the probability of such a configuration is zero and hence the electrons 
are never in these positions. This fact is indicated in Figure 14. 


Figure 13. Electron distribu- Figure 14. Electron distribution for the 


tion for the hydrogen molecule p 
when bonding occurs hydrogen molecule when repulston occurs 


THE PAULI PRINCIPLE 


In the above treatment of the hydrogen molecule ion and the hydrogen 
molecule, the effect of electronic spin has been excluded, but the complete 
wave function of an electron must include not onlv the orbital motion, 
with which we have been concerned so far, but also a contribution for the 
spin. With single atoms it was possible to introduce a fourth quantum 
number s in addition to the three quantum numbers n, / and m in order 
to account for the spin of the electron, and for polyelectronic molecules it 
is possible to praceed in an analogous manner. The complete wave function 
of an electron is considered to be the product of the orbital wave function, 
1.¢. the wave function that we have been considering so far, and a wave 
function representing the orientation of the spin axis of the electron. 

If % represents the orbital wave function of an atom for a given value 
of the quantum numbers n, / and m, then the spin wave function may be 
represented by two functions a and 8 whose values are determined by the 
following conditions : 

a®( +4) =1, o%(—3) =0, BX +3) =0, BX —}) =1 

. 2+ (3.107) 
These conditions mean that the wave function a refers to the state of the 
electron in which the spin quantum number s, has the value + 1/,, and in 
consequence the probability of it having the value — }/, is zero. Similarly 
the function £ describes those states corresponding to a value for s of — /, 
and consequently the probability of it having the value + }/, is zero. The 
complete wave function of the electron is then represented by 


@=ya or G= YP ... (3.102) 
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For two electrons, the complete wave function of the first electron will 
be w#,(1)a(1) which denotes that the first electron is attached to the nucleus 
a and the solution is given by 


po(1) = {exp ( — 10 )}/ Var - +++ (3.5) 


and that the spin wave function corresponds to s = + 1/2. The function 
of the second electron is ¥(2)8(2), which means that the second electron 
is attached to nucleus 4, its orbital wave function 1s %, and the spin wave 


function corresponds to s = — 1/2. The complete wave function of the 
two electron system is then given by, 
D = $o(1) po(2) a(1) B(2) - - ++ (3.103) 


The function given in equation 3.103 is, however, a special case in which 
the spins of electrons 1 and 2 are antiparallel. In the general case each 
electron may have any value of the spin quantum number, so that in place 
of the two wave functions ¥,(1)%(2) and ¢.(2)¥(1), representing the 
Table XV. Complete Wave Functions for the Two Electron Problem exchange of the elec- 
oor Oc Ses trons between the two 

| Quantum number of | Ortenta- nuclei, we shall have 


Complete waze function | Electron Electron 2 |————_—_| ____——_|_ ton of , 

at nucleus j at nucleus | Electron 1 | Electron 2| spin eight complete wave 
Yall ¥o(2)a(1a(2) | a b ++ | +4 | 44 functions (Table XV). 
a(1)¥o(2)8(1)A(2) a b —3 —} All eight wave functions 
Wall )¥a(2) a(1)a(2) +4 —3 correspond to the same 
Wa(l)Wo(2)8(1) a(2) a 6 =} ae 


tt 

4+ 

ie value of the energy, 
Yo (1) Ya(2) a(1) a(2) b +3 +3 Ae ee :; 
¥a(1)Wa(2)A(1)A(2) b +, differing only in the 
¥o(1)¥a(2) a(1)A(2) b ++ 
Yo (1)¥a(2)A(1) a(2) b tt 


arrangement of the 
electrons. 

_———_————<—— In view of the fact 
that the electrons are indistinguishable, we have employed in place of the 
separate functions y.(1)¥.(2) and y¥(1)¥%.(2), linear combinations of the 


form : 
b = C,Ho(1l)yo(2) + covr(1) pa(2) » ++ (3-74) 


and a similar procedure must be employed in the case of the functions 
viven in Table XV. Without further information it is not possible to state 
which of the possible linear combinations are significant. Such information 
is given, however, by the Pauli principle. It is essential to select the 
combination which includes only those states permitted by the Pauli 
principle. In order to do this it 1s necessary to understand symmetric and 
antisymmetric wave functions. 

Wave functions are termed symmetric if they remain unchanged on 
transposition of the electrons. This process may best be explained by 
taking an example. ‘The function 


br = Pall) bo(2) + Yo(1) pa(2) - +++ (3-95) 
is symmetric because on transposition of the electrons we obtain 
by! = Ya(2) po(1) + po(2) p.(L) - + +. (3.104) 


which is identical with equation 3.95 7.¢. %, = ¥,’ and the function yg, 
remains unchanged on the rearrangement of the electrons. An antisym- 
metric wave function reverses its sign in the transposition of electrons 


e.g. the function 
Wr = Pall) po(2) — po(1) p.(2) . +++ (3-96) 
62 


THE HOMOPOLAR (COVALENT) BOND 


on rearrangement of electrons becomes 
Pir = Yo(2) Poll) — fo(2) Pall) ++ ++ (3-105) 
and on = — ou 


The square of the wave function gives the density of the electron cloud, 
and when two electrons, ¢.g. electrons 1 and k, exchange places, in view of 
their identity, there is clearly no change in the density distribution and 
therefore 


ed CF eae, ce eee) akg © Ae 7 x;) ....(3.106) 


and 2 will always be symmetric. In a similar way it is clear that the 
square of the symmetric (3.95) and antisymmetric (3.96) wave functions 
for the hydrogen molecule are symmetric. ‘Thus 


12 = he? (1) be2(2) + o2(1) o2(2) + Qpe(1) po(2) a2) po(1) 
dhs!” = o?(1) o2(2) + he2(1) bo2(2) + 2ebo(1) Yo(2) yo(2) po (1) 


2 
and hence r= dy 


also ur” = Yo"(1) fr?(2) + o*(1) fa?(2) — 2pa(1) po (2) Po(2) Po(1) 
rr? = Po?(1) pa?(2) + yha?(1) poo?(2) — 2yo(1) ba(2) po (2) pa(1) 


and hence wi = by 


Thus the orbital wave functions may be either symmetric or antisym- 
metric and both types of function are important for describing the state 
of a molecule. 

The complete wave function is different, however, and it will appear 
that only an antisymmetric complete function, which reverses its sign on 
transposition of the electrons, is acceptable on the basis of Pauli’s principle, 
which states in wave mechanical terms: ‘Only that complete wave 
function may be selected which does not permit the two electrons to 
exist in the same state’. Let us consider a symmetrical complete wave 
function and assume that the two electrons have the same values of the 
quantum numbers n, /, m and s; when the electrons are interchanged the 
wave function will be identical with the original. ‘Thus by the use of a 
symmetric function it is possible to describe an electronic state which 1s 
not permitted by the Pauli principle. It may therefore be concluded that 
the complete wave function cannot be symmetric. 

Now let us consider an antisymmetric complete wave function which 1s 
also prohibited ‘by Pauli’s principle. Again it is assumed that there are 
two electrons having the same values of n, /, m and s. Transposition of 
the electrons should not alter the function since both electrons are in 
identical states, but since the function is antisymmetric, the sign must be 
reversed ; these two statements can be compatible only when the function 
is zero. Thus when the complete wave function is antisymmetric it 
becomes zero when in disagreement with Pauli’s principle. Thus not all 
the linear combinations of the functions in Table XV are possible, but only 
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those which lead to a complete wave function which is antisymmetric. 
For example consider the linear combination 


¥'o(1) yo(2) a(1)a(2) + yo(1) Ya(2)a(1)a(2) = ea ita 


By reversing the positions of the electrons we obtain 
{fo(1) Yo(2) + yo(2) Pa(1) } a(1) a(2) 
ic. the same function, and consequently it is symmetric and must be 
rejected. Examination of the functions in Table XV lead to the following 
four possible antisymmetric linear combinations : 
o(1) o(2)a(1)B(2) + yo(1) pa(2)a(1) B(2) — Yo(1) Yo(2) BC) a(2) — 
— or(1) $o(2) BCL) a(2) 
= { po(1)fo(2) + yo(1) pa(2) } { (1) B(2) — B)a(2) 3 
.. «+ (3.108) 
po(1) o(2)a(1) B(2) — po(1) Yo(2) a(t) B(2) + yo(1) po(2) BCL) a(2) — 
— Yo(1) $.(2) B(1) a(2) 
= { fo(1)Yo(2) — yo(1) o(2) } { a(1)B(2) + B(1)a(2) } 


. . (3.109) 
a(1) Yo(2)a(1)a(2) — o(1) p.(2)a(1)a(2) 
= { pa(1) ye(2) — Yo(1)¥.(2) } a(1)a(2) .. + (3.110) 
Ppo(1) yoo(2) BCL) B(2) — po(1) pa(2) B(1) B(2) 
= {a(1) po(2) — yo(1) pa(2) } BCL) B(2) +++ (3.111) 


These functions comprise the linear combination of the wave functions 
which we have already discussed, together with terms representing the 
spin wave functions. It has been shown in the last section that the for- 
mation of the chemical bond is described by the symmetric wave function 


1 = Poll) po(2) + yo(1) p.(2) - +++ (3-95) 


and in order to make the complete wave function antisymmetric it is 
necessary to combine function 3.95 with an antisymmetric spin wave 
function since the product of an antisymmetric and a symmetric function 
will be an antisymmetric function. The only possible antisymmetric spin 
wave function is 


o,= a(1)B(2) — B(1)a(2) .. + «(3.1 12) 

The product of equations 3.95 and 3.112 leads to 3.108 
It will be seen from Table XV that equation 3.112 describes the state of 
the two electron molecule in which the electron spins are orientated in 
opposite directions, and the total spin angular momentum will therefore 


be zero, t.¢. 
Ls = (+4) +(— 4) =0 +++ (3-113) 
Thus we may conclude that for a bond to be formed the spins of the 
participating electrons must be antiparallel and the two electrons will 
then be located in one orbital. 
If the orbital wave function is antisymmetric 


Pir = Yo(1)Yo(2) — po(1) Ya(2) .. + +(3-96) 
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then in order that the resultant complete wave function be antisymmetric, 
the spin wave function must be symmetric. The three such functions 


— oy = a(l)a(2) . (3.114) 
og = a(1)8(2) + B(1)a(2) . (3-115) 
a, = B(1) B(2) (3.116) 
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Thus on the basis of the above conclusions we see that for the hvdrogen 
molecule there are four possible complete wave functions : 


{ Po(1)yo(2) + yo(1) pa(2) } { a(1)B(2) — B(1)a(2) } ous = 


3.108) 
{ Pa(1) fo(2) — Yo(1) po(2) } { a(1)a(2) } =+1 
. (3-96) and (3.114) 
{ Pa(1) Yo(2) — po(1)pa(2) } { a(1)B(2) 4- BUL)a(2 )3 us = 0 
....(3.96) and (3.115) 


{ wha(1) Yo(2) — Yo(I)wa(2) } { B(1) (2) } Es=—1 

....(3.96) and (3.116) 
It follows, therefore, that there is only one state of the hydrogen molecule 
with a symmetric orbital wave function, which as we have seen leads to 
bond formation. On the other hand there are three states with anti- 
symmetric orbit wave functions, which lead to repulsion. The stable form 
is termed a singlet and the repulsion form a triplet state. On a collision 
between two atoms of hydrogen, the probability that a molecule will 
result is therefore 1 : 4. 


CALCULATION OF THE BOND ENERGY AND INTERATOMIC DISTANCE 
FOR THE HYDROGEN MOLECULE 


Having calculated the values of the integrals 
C and A (equations 3.91 and 3.92), it is 
possible to determine the energy of the 
molecule as a function of the internuclear 
distance. The curves obtained are shown 
in Figure 15. The upper curve gives the 
repulsion energy of atoms with electrons of 
parallel spins, the next lower curve repre- 
sents the Coulombic energy, the third the 
energy of the molecule according to equa- 
tion 3.91 and the lowest curve represents 
the experimentally determined value. 

The Coulombic energy clearly is not very 
large ; the curve passes through a shallow 2 
minimum, which although representing 


Energy 


attraction of the atoms, gives an energy value - 

which is too small to explain the stability Distonce between Nucler 

of the molecule. Inclusionof the exchange Figur, 15. Energy curves for the 
energy (third curve) gives a much more hydrogen molecule 
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satisfactory explanation of the strength of the chemical bond and shows 
that only 14 per cent of the total bond energy can be regarded as 
Coulombic in nature. The calculated value of the bond energy is 72-3 kcals 
and of the interatomic distance is 1-64 atomic units = 0°86 A. 

The experimental value for the dissociation energy of the hydrogen 
molecule into unexcited atoms is 103-2 kcals. To this value must be added 
the zero point energy (see Chapter 8) equal to 6-2 kcals; when the molecule 
dissociates into atoms the whole energy of the bond is not used up, but 
6-2 kcals less, since the molecule in its ground vibrational state possesses 
this amount of energy. Thus the actual experimental value for the bond 
energy of the hydrogen molecule is 109-4 kcals. The experimental value 
of the internuclear distance is 0-74.A. The discrepancy between the 
calculated and experimental values is explained by the fact that in the 
treatment employed, we proceeded from atomic functions which were 
correct only when the nuclei were at an infinite distance apart and applied 
them to the state where the internuclear distance is of the order of 10~§ cm. 

Several authors have attempted to improve on the approximate method 
of Heitler and London. Wanc‘ made use of the functions %. and ys, but 
altered the effective charge on the nucleus by using the expression 


a = {exp (— £7) 29?/ V7} PenG( Gare?) 


and obtained the value of <, when E£ had a minimum value. RoseEn® 
attempted to include the polarising effect of the second nucleus on the 
electron cloud of the first atom and in place of a spherical 15 electron cloud 
he employed a cloud elongated in the direction of the second nucleus. 
This may be represented as the partial combination of the 2f with the 


I5 state, ¢.g. 
Ya = 1, + Yo, ... «(3.118) 


where 7) is a coefficient. 

WEiNBAuM*? introduced a further development ; along with the uncharged 
states corresponding to the functions (1)%,(2) and y(1)y¥.(2) it is 
possible that there exist also those states where both electrons are located 
simultaneously in one or other of the nuclei. These ionic states may be 
represented by the formulae : 

H-Ht+t (both electrons on nucleus a) 


H+ H- (both electrons on nucleus 6) 
To these ionic states there correspond the functions #4(1) (2) and y,(1) ¥,(2). 


The calculations of Weinbaum show that the ionic states are of higher 
energy than the non-ionized states and are therefore less probable. The 
contribution of these forms to the final state of the molecule is approxi- 
mately 4 per cent, #.e. 2 per cent from each form. The wave function of 
the system will thus have the form 
pb = { Pall) po(2) + a(2) Yo(1) } +6 { pa(1) po(2) + asa 
caven (Gel LO 
where ¢ is a constant determining the contribution of the ionic form. 
The results of the calculations of Wang, Rosen and Weinbaum are 
given in Table XVI. 
A more complex procedure was introduced by JAMES and Coo.ipGE’. 
One of the chief reasons for the incorrect value obtained by the earlier 
methods is that the wave function does not take into account the mutual re- 
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pulsion of the electrons. It is 
true that the Hamiltonian 
operator (equation 3.70) in- 
cludes a term for the 
interaction of electrons but 
allowance should also be made 
in the wave function for the 
system. Incorporating this 
effect it was possible, as shown 
in Table XVI, to achieve almost 
exact agreement with the ex- 
perimental values. 


Table XVI. Bond Energy (E) and internuclear 


distance (R) for hydrogen molecule 


n C 

oO oO 

oO oO 

ol oO 

O°! oO 

re) o'158 
re) 0°256 
o-7 0-175 


E R 
Author | keals A am 

Heitler and London 

tezura® } 72°3 0-86 , 
Wang be ig 86-6 0°78 1°17 
Rosen fe ee 77°2 o0°Bo I 
Rosen Ss es 92°6 0-77 In? 
Weinbaum .. wk 73°9 o-81 I 
Wetnbaum .. ae Q2°2 o-"77 tg 
Weinbaum .. a 94°5 o'77 tg 
James and Coolidge 108-8 0°74 —_ 
Experimental values 109°4 O'74 _ 


The Heitler-London method, although approximate, has the advantage 
that a physical picture of the nature of the chemical bond may easily be 
obtained. The bond is formed by two electrons, one from each atom with 
Opposite spin and owing to the transfer of the electrons, two states arise, 
which on superposition yield a transitional cloud, which serves to bond the 
atoms together. Such a bond is termed the homopolar or covalent bond. 
This physical picture of the bond is clearly the basis of the electron pair 


bond of Lewis. 
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SATURATION AND DIRECTION OF 
VALENCY BONDS 


SATURATION OF VALENCIES. LOCALIZED BONDS 


IN CONSIDERING the saturation of valencies it will be convenient to follow 
the method of Heitler and London and consider the interaction of helium 
and hydrogen. The helium atom possesses two electrons in a completed 
1s orbital. Let these electrons be designated 1 and 2, in agreement with 
the Pauli principle the spins of these electrons will be opposite. The 
electron of the hydrogen atom is represented by the number 3. The 
system being considered is thus represented by : 

He} + tH 

I 2 3 

The possibilities of the exchange of the hydrogen electron with either of 
the helium electrons is restricted in the first place by the Pauli principle. 
The exchange of electrons 1 and 3 results in the appearance of two electrons 
with parallel spins existing in one orbital which is not permitted by the 
exclusion principle. There remains in consequence only the possibility of 
the exchange of electrons 2 and 3, which because they have parallel spins, 
will, as has been shown in the last chapter, lead not to bond formation 
but to mutual repulsion. Thus no molecule HeH 1s formed. 

Following a similar argument, Heitler and London also considered the 
possibility of the interaction of two atoms of helium. Let the two nuclei 
be denoted by the letters a and 4 and the electrons numbered 1 to 4. The 
system to be considered is thus represented by : 


a b 
+ 4 + 
I 2 3 4 


The formation of a bond can only occur by the transposition of two elec- 
trons having opposite spins, e.g. 1 and 4. Such an exchange, however, is 
forbidden by the Pauli principle, since electron 4 would enter into an 
orbital along with electron 2 having the same direction of spin. This 
inability for an exchange of electrons to occur explains both the mon- 
atomic nature of helium and its chemical inertness. In general, all atoms 
containing only orbitals with two paired electrons will be chemically inert ; 
only when an orbital contains a single unpaired electron can bond for- 
mation occur. 

A theoretical basis has thus been obtained for the hypothesis, put forward 
earlier, giving the relationship between the valency of atoms and the 
number of unpaired electrons. Each unpaired electron can take part in 
the formation of one bond and thus chemical properties are determined 
not simply by the number of outer electrons possessed by an atom, but 
by the number of unpaired electrons. The presence of completed shells 
of electrons leads, on the formation of molecules, to the partial weakening 
of the bond ; this is illustrated by a comparison of the hydrogen molecule 
with the diatomic molecules formed by the alkali metals. As with 
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hydrogen, the bond in these molecules is formed by s electrons located in 
the outer orbit ; the difference lies in the fact that the hydrogen molecule 
possesses no inner shell of electrons. Thus lithium, apart from the outer 
2s electrons, has two more deeply located 15 electrons, and the two saturated 
shells of the two atoms in the lithium molecule repel each other, with the 
result that the bonding due to the electron cloud of the outer 2s electrons 
is considerably weakened. The dissociation energies and interatomic 
distances at equilibrium! are given in Table XVII, and it will be noticed that 


all the molecules of the alkali Table XVII. Dissociation Energies and Interatomic 


metals have much lower disso- Njstances in the Diatomic Molecules of Hydrogen and 


ciation energies than has the the Alkali Metals 
hydrogen molecule, and much 
larger interatomic distances. In Dissociation energy | Interatomtc distance 
the hydrogen molecule the in- Molecule Keals 
teratomic distance is 074A A 
whereas in the lithtum molecule yy 0-7 
ie : p| + 
it is 3°5 times greater (2°67 A) Li, 2°67 
and the dissociation energy is Nap 3°08 
almost one quarter (26 kcals as Re 39? 
: = 


compared with 103°2 kcals). As 
the number of complete ——dWJT 
electronic shells is increased on proceeding from lithium to caesium, so 
the dissociation energy decreases and the internuclear distance increases. 

The quantum states of the two electrons forming a chemical bond 
determine the three quantum numbers of the orbital within which they 
are contained. Such an orbital is termed a molecular orbital and the 
fact that any attempt at interaction by a third electron leads to repulsion 
is the cause of valency saturation, which is a characteristic property of 
covalency. 

Attraction by Coulomb forces does not lead to valency saturation. Ifa 
positive ion is attracted by a negative ion, that does not prevent it from 
being attracted to other negative ions. Thus with electrostatic attraction 
it is not the normal valency which is characteristic, but the number of 
surrounding ions. In the crystal lattice of sodium chloride, each chloride 
ion is surrounded by six sodium ions and in the caesium chloride lattice 
eight caesium ions surround one ion of chlorine. The numbers 6 and 8 
bear no relationship to the number of unpaired electrons. 

The interaction of two unbonded electrons may be shown to lead in- 
variably to repulsion?. When two electrons situated in different hydrogen 
atoms come together, their spins can couple in four different ways, as 
shown in Chapter 3. One of these, when Xs = 0, corresponds to a sym- 
metric orbital wave function and bonding occurs with the formation of a 
hydrogen molecule ; in the other three cases, when Ls = + 1, 0, — 1, the 
orbital wave function is antisymmetric and repulsion occurs. Since all 
four types of coupling have equal probability, it follows that one fourth 
of the encounters between hydrogen atoms will lead to the formation of 
molecules in the singlet state and in the other three-fourths to the triplet 
state and repulsion of the atom. Similar conditions will prevail when two 
electrons, each situated in a different hydrogen molecule, approach each 
other. At any instant the probability of finding the electron pair in the 
singlet state compared with a triplet state will be in the ratio 1:3. Thus 
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the average interaction energy E, of two non-bonded hydrogen atoms 
in different hydrogen molecules will be given by, 


E=}£,+2E, vee (get) 


where E, is the energy of the singlet state and £, that of the triplet state. 
If the integrals $,, are assumed to be negligibly small, then the values of 
E, and E, as given by equations 3.91 and 3.92 will be : 


BE, =2E6,+C+A ee es) 
E,=2E,+C—A ehiws (423) 


where C is the Coulombic energy, A the exchange energy and £, the 
energy of the hydrogen atom. From equations 4.1, 4.2 and 4.3 we obtain 


CHA CA A 
E = 2B, +—** + 3E= 4) _ 2g, +0-$ peered) 


Since the numerical value of A is very much greater than C, A/2 will be 
greater than C and since both are negative the resultant value of E will be 
greater than 2E,; thus there will be a repulsion between two atoms not 
connected by a covalent bond. This argument is valid only if the two 
hydrogen molecules are some distance apart. If the distance 


- i between the molecules becomes approximately equal to the 
7 ~ internuclear distance within the molecules there 1s noevidence 
- for considering the system abcd (Figure 16) as consisting of 
7 the molecules ad and cd rather than of the molecules ac and 
is H bd. This particular case must be considered as a system 


in which four electrons exist in the field of four nuclei. 

Figare 16. The Tn such a system formula 4.4. does not apply. 

Sp Aer In contrast to the hypothetical molecule H,, real mole- 
cules present examples of localized bonds in a very large 

number of cases. The molecule of ethane, tor example, can have only one 

structural formula : 


H H 
Ne 

H—C—C—H 
SoooN 

H H 

Any other arrangement, ¢.g. 

H H 
ere 

H—C=C—H 

H ————_-H 


whilst not conflicting with the valencies of the atoms, 1s nevertheless im- 
probable. The interatomic distance in the C—H bond is 1-09 A, whereas 
the distance between the two hydrogen atoms of two CH, groups is found 
to be 2:02 A (this is the distance between the two hydrogen atoms joined 
by a link in the second formula). The exchange energy in such a system 
will be negligible as it diminishes rapidly with an increase of interatomic 
distance ; in the hydrogen molecule this is 0-74 A. The energy of the first 
structure is, therefore, so very much greater than that of the second that 
the contribution of the latter is negligible. It is on the basis of this argument 
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that a molecule may be considered as a collection of atoms joined by 
localized bonds. 

This conception of the chemical bond has been considerably extended 
by StatTer? and by Pautine‘ and yields results of great importance in 
chemistry. The essential postulate in this treatment, which has become 
known as either ‘ the method of localized pairs’ or ‘ the method of directed 
valence bond ’, is that the energy of the molecule consists of the following 
components : (z) the total Coulombic energy, (2) the sum of the exchange 
energies of the various separate links and (3) the repulsion energy of the 
unbonded electrons. Let us apply this treatment to the simple triatomic 
molecule abc, 


b 
th ty 


Atoms a and ¢ have a single electron each, but atom 6 has two valency 
electrons and the complete molecule contains two bonds, ab and bce. The 
electrostatic attraction and repulsion of all the electrons and nuclei enter 
into the Coulombic energy term. The exchange energy of the links ab 
and bc will be : 


a Cc 


Aap + Ave 


In addition, there will be the repulsion of the three pairs of electrons not 
used in a particular bond, 7 the electrons of atoms a and ¢, i the electron 
of atom a and the electron of atom 4, not paired with it, iz the electron of 
atom ¢ and the electron of atom 4, not paired with it. These repulsion 
energies will be : 


2 2 2 


where A’ represents the exchange integral in the case of unpaired electrons. 
The interaction of the two unpaired electrons of atom 
6 have already been accounted for in the energy of the 
atom. A,, will not be equal to Aj, as can be seen 
by reference to Figure 17. Since it has been supposed 6 
that atom 6 has two unpaired electrons, it follows that 0 
these must be f electrons. The electron clouds of these 
two f electrons will appear as two figure eights oriented 
at right angles. The atoms a and ¢ will then place 
themselves so that there 1s the greatest possible super- Figure 17. Electron 
position of electron clouds (a and ¢ are assumed to have pouduiae aes pain 
a single s electron each, these are represented as circles sa 
in Figure 17) and it will be seen that the interaction of the unlinked electrons, 
viz circle a with vertical figure eight and circle ¢ with horizontal figure 
eight, will be very small. 

The total energy of the molecule therefore will be : 

Ay An Aa 


E=C + Ant Ay — Y.-F sicets(aes) 


¢ 


and thus in its general form, the energy of a polyelectron molecule will be, 
E — C + Ag 7a 1D An eee . (4.6) 


where Ag represents the exchange energy of electron pairs forming a 
covalent bond and Ag represents the exchange energy of nonbonding 
pairs of electrons. 
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Quantitative data relevant to the determination of the energy of mole- 
cules will be discussed later. 


DIRECTIONAL COVALENCY 


Experimental] data indicate that valency bonds are localized in a particular 
direction in space and the idea, first put forward by Van’r Horr, that the 
four valencies of the carbon atom are directed towards the four corners of 
a tetrahedron has been supported by recent physical measurements which 
permit the determination of valency angles. 

The suggestion was put forward by Pautinc? that the direction of a 
bond will correspond to that in which the electron clouds of the two 
electrons forming the bond overlap to the greatest possible extent and the 
electrons will therefore exist most probably between the two nuclei. The 
greater the overlap of the individual orbits the greater will be the density 
of the charge between the nuclei and hence the stronger the bond. It was 
shown in Chapter 1, that the fundamental difference between the s and 
f orbitals was that the former was dependent only on 7, the distance of 
the electron from the nucleus, whereas the latter was dependent also on 
the angles 6 and ¢. In general therefore, s orbitals are spherically sym- 
metrical and consequently there is no directional property of the valency. 
With # electrons, however, there are three possible orbitals, p,, p, and p,, 
consisting of figure eights directed at right angles to each other and it 
follows therefore, that when an atom forms bonds involving p orbitals, the 
angle between the bonds should be go° (see Chapter 18). 

In the oxygen atom there are two unpaired p electrons, 


0 
25 2p 


and the two orbitals of the valency electrons will be at go° to each other. 
Compound formation with two hydrogen atoms will occur through the 
maximum possible overlapping of the hydrogen 1s orbitals with the oxygen 
2p orbitals, say the 2p, and 2f,. This will result in the oxygen atoms lying 
along the x and y axes, and hence the angle between the two O—H bonds 
should be go°. Experimental data, based on spectroscopic and dipole 
moment measurements, show that the molecule has a triangular structure 


O 
/ \ and that the angle between the bonds is slightly greater than 
H H 


go°. The reason for the discrepancy will be discussed later. 


In the nitrogen atom there are three unpaired p electrons and thus the 
angles between the three N—H bonds in ammonia should be go°. Experi- 
mental data show that the angle is rather more than this, being 108°, but 
nevertheless the general structure of the molecule is that of a triangular 
pyramid and the flat model, 

H 


H 
ee 
N 
i} 
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is in disagreement with experiment. The experimental data for oxygen, 
nitrogen and other atoms are summarized in Table XVIII. 


Table XVIII. Observed Valency Angles 


Molecule Bond anzle Experimental value Experimental method 
H,O (gas) H—O—H 105° spectroscopic 
F,O (gas) F—O—F 100° electron diffraction 
C1,0 (gas) Cl—O—Cl 115° a es 
(CH),O (gas) Cc—O—C 111° ” ” 
CH,—CH, 
va \ 
O O | C—O—C 110° - a 
\ / 
CH,—CH, 
CH-——CH 
l 
CH CH C—O—C 107° » >» 
Wea 
O 
H,S (gas) H—S—H g2° spectroscopic 
S, (crystal) | S—S—S 106° X-ray 
S, (gas) S—S—S 100° electron diffraction 
BaS, (crystal) S—S—S | 103° X-ray 
K,S,O, (crystal) S—S—S | 103° i 
ae 
| | 
H CH C—S—C gi° electron diffraction 
Ns 2 / 
SCI, (gas) Cl—S—Cl 103° - - 
H,Se (gas) H—Se—H go° (approx) spectroscopic 
Se (crystal) Se—Se—Se 105° X-ray 
Te (crystal) Te—Te—Te 102° 5 
NH, (gas) H—N—H 108° spectroscopic 
N(CH); (gas) C—N—C 108° electron diffraction 
PH, (gas) H—P—H 93° Spectroscopic 
P (crystal) P—P—P 99° X-ray 
P(CH3)5 (gas) C—P—C 100° electron diffraction 
3 (gas F—P—F 104° ss - 
PFCI, (gas) Cl—P—Cl 102° s i 
PC), (gas) | Cl-—-P—Cl 101° ” » 
PBr, (gas) | Br—P—Br 100° es ‘s 
PI, (gas) I—P—I 98° a6 »” 
As (crystal) As—As—As 97° ” ” 
As(CH,)3 (gas) | C—As—C 96° 9 ” 
AsCl, (gas) | Cl-As—Cl 103° . ss 
AsBr, (gas) Br—As—Br 100° EA ret 
AsI, (gas) I—As—lI 100° >? ? 
Sb (crystal) Sb—Sb—Sb g6° X-ray 
SbCl, (gas) Cl—Sb—Cl 104° electron diffraction 
SbBr, (gas) Br—Sb—Br g6° » “i 
SbI, (gas) I—Sb—I 98° »? 99 
Bi (crystal) Bi—Bi—Bi 94° X-ray 
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The experimental error in the determination of valency angles is probably 
not more than 5 per cent and the discrepancies between the observed and 
theoretical angle may in certain cases be due to experimental error. 
However, since all the valency angles are greater than go° a more signifi- 
cant explanation must be given. In the water molecule the valency angle 
is 105°, thus exceeding the theoretical value by 15°. This discrepancy is 
brought about in two ways. First, there exists a repulsion between the 
two hydrogen atoms by virtue of the interaction of non-bonding electrons 
and secondly, as a result of resonance with the ionic states 


O O 
EX y ane 
H 4H H oH 


both atoms of hydrogen possess positive charges thus producing a Coulombic 
repulsion. In support of the latter explanation examination of the data 
in Table XVIII shows that in a series of compounds in which the contri- 
bution from the jonic forms decreases along the series, there is a corresponding 
decrease in the magnitude of the valency angle e.g. H,O, H,S, H,Se ; 
NH,, PH, ; PF,, PCl,, PBr3, PIs. 


HYBRIDIZATION OF BOND ORBITALS 


The carbon atom in its ground state has two unpaired f electrons : 
CMY IY] 
25 2p 


As with the oxygen atom it might be expected that the two # electrons 
were used in bond formation thus leading to a valency of two. Since 
carbon is normally tetravalent, however, the carbon atom must be in an 
excited state with one of the s electrons transferred to the vacant p orbital. 
This excitation requires an energy of 80 kcals® which must be compen- 
sated for when valency bonds are formed. The resulting tetravalent carbon 
atom has one s and three orbitals and it might be supposed that three 
of these should be oriented at right angles to one another and that the 
fourth should have no directional 

properties. It has long been 

known, however, that the four 

bonds of carbon are exactly 

equivalent and are directed to- 

wards the four corners of a tetra- 

s p hedron (Table XIX). This is ex- 
plained by the formation of four 

sp® hybrid bonds in place of the 

single s and three p bonds. The 

states of the electrons are then des- 

cribed by the linear combination 

| of the orbital wave functions, v1z 


i = ay, + bb, +ce%, + dp 
Figure 18. The s, p and tetrahedral hybrid sp* ¥ Ys YP, Yh, fe 
orbitals It is found that a bond involving 
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an orbital formed by the linear combination of s and p orbitals, taken 
with certain values of the numerical coefficients a, 6, c, and d, has a bond 
strength greater than ansor f orbital alone (for greater detail see chapter 18). 
The reason for this increased bond strength is seen in Figure 18 where the 
hybrid sp? orbital is seen to be concentrated more in one direction, com- 
pared with a f orbital, and in consequence enables overlapping of bond 
orbitals to occur to a greater extent. 

When carbon is linked with four neighbouring atoms, the four valencies 
are directed towards the corners of a regular tetrahedron. Such a con- 
figuration is favourable for several reasons. Firstly, the hybrid sp* tetra- 
hedral orbitals permit greater overlapping of orbitals and hence a greater 
bond energy than s or p 
orbitals. Secondly, when a 
reacting atom X approaches 


Table XIX. Observed Valency Angles of some Carbon 
Compounds (by electron diffraction) 


the carbon atom, in addition 
: : ; 

to the maximum overlapping AACE nae oer ee 
of the bonding orbitals, the | ewer 
extent of the overlapping of on er ae Sia 109° a 
the orbital of the electron of X CGHs—CHs = 109° 28° 

. . CH,—CH,—CH C--C—C 111° 30’ P. 
with non-bonding electrons of (CH,),CH—CH, C_C_C ae 30" = 3o 
the carbon atom is a minimum (CH;).C | C—C—G | 109° 28” 
and finally the mutual repul- eared oe 
sion of the X atoms is a (CHa) Co] rrr’ 30" + 2° 
minimum. The electron (CHs)sCBr ek A eee, 
: : ; C,H,Cl C—C—Cl 111° 30’ + 2 
diffraction data shown in Table C,H,Br C—C—Br | 109° 4 2° 
AIX shows that the valency (CH,),CHCI C—C—ClI | 100° + 3° 
angle of carbon is either equal Bote Ae is, te 
to or very close to the tetra- Sata . ae ae ios: ers 3 
hedral angle. Hybridization CH,F, F—C—F 110° + 1° 
of orbitals leading to a tetra- euteo alae 112° + 2° 
h ] fi i i — | 110° + 2° 
sig pe guration ger CHOI, cl_c_cl | 112° ch 2° 
parure f ce Ssare Way eh CH Bre Br—C—Br 112° + 2° 
silicon, germanium, and tin. CHBr, Br—C—Br | 111° 4 2° 

Similar behaviour is found C,H,,N,* N—C—N 110° + 2° 
with other atoms. Boron in SHCls Cl—Si—Cl | 110° 4 2° 

SiHBr, Br—Si—Br 110° + 2 


the trivalent state has one s and 
two p electrons and hybridiza- 
tion leads to the formation of 


* Hexamethylenetetramine 


three equivalent hybrid sf? orbitals lying in the same plane and with 
a valency angle of 120°. Experimental data® for B(CH,), are in agreement 
with this prediction. Beryllium and mercury in the excited state necessary 
for bond formation, have one s and one f electron which form two hybrid 
sp bonds at an angle of 180° to each other. 

Comparison of the elements of the third and fifth groups, both having 
three unpaired electrons leads to an explanation of their stereochemistry. 
Boron has one s and two f electrons and thus forms three planar sp? 
hybrid bonds, whereas nitrogen possesses three p electrons which form 
bonds at right angles to each other. The comparison is similar between 
elements of the sixth group and beryllium, in the former case the unpaired 
electrons are p electrons thus forming two bonds at go°, whilst beryllium 
with one s and one # electron forms two linear sp hybrid bonds. 
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G- AND 7- BONDS 


The existence of multiple bonds between atoms has been known for some 
considerable time. ‘Thus with the nitrogen molecule each atom uses fully 
its three valency bonds and the link is therefore a triple one. Such a bond 
was represented by Lewis as three pairs of dots to correspond to the three 
pairs of bonding p electrons, 


NaN 


Such a simple representation cannot be correct as the three p orbitals of 
each nitrogen atom will be approximately at right angles to the other two. 
One pair of electrons will give maximum overlapping along the line of 
centres and such a link is termed a o bond. The remaining orbitals will 
exist In two directions perpendicular to the line of centres and mutually at 
right angles. Overlapping will also occur between pairs of these orbitals, 
forming two supplementary bonds, termed 7 bonds. The arrangement of 
bonds in the nitrogen molecule, which contains one 
ao and two 7 bonds is shown in Figure 19. The 
electrons forming a z bond are termed 7 electrons. 
With these bonds there is no directional property 
in the same sense that it exists in the examples 
considered in the previous section. The bond occurs 
when two f orbitals from different atoms are 
parallel, since such a configuration permits the 
maximum possible overlap. As the angle between 
the orbitals increases, the exchange energy decreases 
rapidly and is a minimum when the orbitais are 
perpendicular to each other. 

Two atoms, having one s electron each, on molecule formation give a 
ao bond e.g. H, and Li, ; an s electron of one atom and a p electron or 
hybridized electron of another atom also give a o bond, as in such links 
as H—Cl, O—H, N—H and C—H ; in H,0O there are two, in NH, three, 
and in CH,, four o bonds. If two atoms form multiple bonds, then only 
one of these will be a o bond and the remainder 7 bonds. 

In order to study the application of the concept of o and mw bonds we 
shall consider first the double bond between the two carbon atoms in 
ethylene. In this molecule each carbon atom is surrounded by three 
atoms, two hydrogen and one carbon, with these it forms three o bonds 
using up three of its valency electrons in doing so. The remaining un- 
paired electron cannot form a second o bond between the carbon atoms 
as this would cause four electrons to be in the same quantum state, a 
condition which is forbidden by the Pauli principle. Thus the remaining 
electron pair forms a 7 bond. The maximum bonding energy of a 7 bond 
is only attained when two orbitals are parallel to each other and hence 
the w bond in ethylene is considered to be formed from ‘ pure’, 1.e. 
non-hybridized p orbitals, in contrast to the o bonds which are formed 
between hybridized orbitals. In ethylene therefore the three o bonds of 
each carbon atom are formed by three sp? hybrid orbitals similar to those 
existing in boron. The three bonds will be in one plane and will be at 
an angle of 120° to each other. The direction of the 7 bond formed by 
the remaining p orbitals of the carbon atoms will be perpendicular to this 
plane and will be equally above and below the plane of the o bonds. All 
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Figure 19. Arrangement of 
bonds in the nitrogen molecule 


SATURATION AND DIRECTION OF VALENCY BONDS 


six atoms of the ethylene molecule lie in one plane, since only under these 
conditions is the maximum energy of the 7 bond attained ; the bond 
arrangement is shown diagrammatically in Figure 20. In a similar way, 
the double bond in such groups as C=O and C=N 1s also composed of 
one o and one 7 bond. 


Figure 20. Arrangement of bonds Figure 21. Arrangement of 
in the ethylene molecule bonds tn the acetylene molecule 


The triple bond in acetylene, like that in nitrogen, is composed of one 
o and two 7 bonds and here also the w bonds are formed between 
electrons in non-hybridized p states. The o electrons, two to each carbon 
atom, are located in sp hybrid orbitals, formed by the linear combination 
of one s and one f wave function, as in beryllium, and the molecule is 
therefore linear. The arrangement of bonds is shown diagrammatically in 
Figure 21. In a similar way the triple bond in the nitrile group C=N is 
composed also of one o and two 7 bonds. 

The planar configuration of ethylene and the linear structure of acetylene 
are supported by experimental data. In Table XX are given the values 
obtained by electron diffraction measurements for the valency angle of a 
series of carbon compounds containing double bonds. It will be seen that 
the values are all close to 120°. 

We thus conclude from the foregoing discussion that carbon may exist 
in three different valency states : 

1 four o bonds, directed to the corners of a tetrahedron 

2 three o bonds in one plane at an angie of 120° to each other and one 

a bond perpendicular to the plane of the a bonds 
3 two o bonds lying in a straight line and two w bonds perpendicular 
to the o bonds and mutually at right angles. 
The stereochemistry of the carbon compounds is determined entirely by the 
number of surrounding atoms. When there are four neighbours, the 
structure is always tetrahedral, when three it is planar and when two, 
linear. 

In classical stereochemistry the molecule of ethylene was represented as 
two tetrahedra with a common side. This view is now shown to be erro- 
neous since it suggests that the two bonds forming the double bond are 
identical, whereas, as we have seen, such a link actually consists of a o 
and a mw bond. In a similar way a triple bond, as in acetylene, was 
represented as two tetrahedra with a common face. Not only is this in- 
correct in view of the fact that the bonds actually consist of one o and two 
a bonds, but it also predicts incorrect chemical behaviour. The addition 
reaction in which an acetylenic compound is transformed to an ethylenic 
compound, is represented on the classical model as a change from two 
tetrahedra with a common face to two tetrahedra with a common edge. 


77 


THE STRUCTURE OF MOLECU LES 
Table XX. Valency Angle of Carbon Compounds containing Double Bonds 


sa ihr li | Configuration 


Molecule Valency angle ee ee ie eee 
C Cc 
(CH,),C=C(CH;), C=C—C 124° C=C 
wo \ 
C Cc 
Cc 
ye 
Cc 
C) 
COC, O=C—Cl 117° C=O 
| S 
| oa 
ae 
CSC), S=C—Cl 116° C=§ 
Cl 
H 
CH,CHO Cc—C=0 122° CH,—C 
\ 
O 
O—H 
/ 
HCOOH O—C=0O 125° —C 
NN 
O 
o- 
f 
HCOONa O—C=O 124° Par @ 
\ 
O—H 
NH,CH ,COOH O—C=0O 122° —C 
NN 
O 
O—H 
COOH / 
2H, O—C=O0 124° —C 
OOH \ 
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Such a process would always lead to the formation of the cis isomer, whereas 
itis known that treatment of acetylenedicarboxylic acid HOOCC=CCOOH 
with bromine gives dibromomaleic and dibromofumaric acids, the cis and 
trans forms respectively. The formation of the dibromofumaric acid is 
more favoured from energy considerations, since the molecule is stabilized 
by the formation of two hydrogen bonds with the bromine atoms (for 
hydrogen bond formation between the hydrogen of a carboxyl group and 
a bromine atom, see Chapter 12). 


O 
COOH Br t 
er ey 
C H C O 
IN — | i | 
C O H 
| ee ee 
COOH C Br 
| 
b 


The structure of allene, CH,—C=CH,g, is represented diagrammatically 
in Figure 22, the o bonds of the middle carbon atom are linear, as in 
acetylene and the two 7 bonds with the two other carbon atoms are 
mutually perpendicular. 


Figure 22. Arrangement of bonds in the allene molecule 


The molecules CH,=C=O and O=C=O (Figures 23 and 24) have 
analogous structures ; the absence of any dipole moment in carbon dioxide 
confirms the linear configuration. 

It will be appreciated that the angles of 120° and 180° that exist between 


Figure 23. Arrangement of bonds in Figure 24. Arrangement of bonds 
CH,=C=O in the carbon dioxwie molecule 


the valency bonds of carbon forming a double and triple bond respectively 
must now be regarded as the normal valency angles. Hitherto the classical 
theory had postulated that the normal valency angle was 109° 28’, the 
tetrahedral angle ; any marked divergence from this angle, as occurred in 
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the ethylenic and acetylenic compounds, was assumed to be accompanied 
by a strain in the molecule. This theory was applied by BAEyYerR to the 
problem of the stability of ring systems with considerable success. The 
wave mechanical treatment, however, shows that there is no strain involved 
in the formation of double and triple bonds and that valency angles of 
109° 28’, 120° and 180° are normal for the valency states of, o3a and o?2? 
respectively. The decrease in the stability of ring systems in which the 
actual valency angles deviate considerably from the theoretical values for 
the particular valency state of the constituent atom, may be attributed 
entirely to the decrease in the extent of the overlapping of bonding orbitals. 
Thus a o bond is strongest when the atoms lhe in the direction of the 
original » or hybrid bonds, since maximum overlapping occurs in this 
direction. Similarly + bonds have their maximum energy when the p 
orbitals forming the 7 bond he parallel to each other ; as the angle between 
the orbitals is increased, so the strength of the + bond decreases. The 
reactivity of ethylenic and acetylenic compounds, e.g. the ease of hydro- 
genation and halogenation, is explained by the fact that a m bond is less 
strong than a o bond and less energy is used in rupturing a a bond than 
is subsequently gained in forming the o bond, e.g. C—H. The most stable 
state of a molecule is therefore that in which the number of o bonds is a 
maximum and the greater the deviation from that state by the formation 
of + bonds the greater the reactivity of the resulting substance. 
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RESONANCE OF VALENCY STRUCTURES 


BENZENE 


KNOWLEDGE regarding the localization of valency bonds in molecules 
appears unsatisfactory in a number of cases, of which that of benzene is 
one of the most important. In the benzene molecule each carbon atom 
forms three o bonds, one with a hydrogen atom and one with each of the 
two neighbouring carbon atoms ; the bonds are arranged in one plane at 
an angle of 120° to each other. The six o bonds between carbon atoms 
lie in the same plane and form a regular hexagon. Perpendicular to the 
plane of the ring are the orbitals of the remaining 9 electrons of the carbon 
atoms, which form figures of eight with the loops lying above and below 
the plane of the ring. Overlapping of these orbitals leads to the formation 
of z bonds and it is possible to imagine two particular configurations, with 
a bonds existing between carbon atoms 1—2, 3—4, 5—6 and 2—3, 4—5, 


6—1 : 
1 
Ns \; 
A y 5 8 
‘ 

According to the classical structural theory, the molecule should be described 
by one of these formulae. Such an assumption, however, is not in con- 
formity with the properties of an electron taking part in bond formation. 
In the case of the hydrogen molecule, we have seen in Chapter 3 that 
according to the Heitler-London theory there are two possible electronic 
configurations : first, when electron r is located at nucleus a and electron 2 
at nucleus 4, and secondly, when electron r is at nucleus 6 and electron 2 is 
at nucleus a. There is no justification for assuming that only one of these 
two possible configurations exists since it is impossible to assign the electron 
to a particular nucleus so long as there exists a second nucleus where the 
presence of the electron is equally advantageous. Both states are equally 
probable and the superposition of these states leads, as has been shown, 
to a decrease in energy and the formation of the molecule. 

Following a similar argument for the molecule of benzene, it is impossible 
to prefer one of the two valency forms to the other since the electron of 
the first carbon atom may equally well be exchanged with that of the 
second carbon atom as with that of the sixth. Consequently both forms 
exist in the molecule and when these are superimposed there arises the 
transitional structure which possesses a lower energy th n either of the 
original states and is therefore more stable. Unfortunately it is impossible 
to represent this transitional structure with the use of the conventional 
valency nomenclature and it was to overcome this difficulty that the idea 
of the resonance of valency structures was introduced by SLATER! and 
PAULING”. The actual state of a benzene molecule is that in which the 
densities of the electron clouds between all the pairs of carbon atoms is 
the same. Such an arrangement cannot be represented in a formula by 
the conventional symbols of structural theory. Thus recourse is made to 
two possible formulae, neither of which independently represents the 
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actual state of the molecule, but only extreme states, in which the p electrons 
are represented as being located at certain nuclei. The molecule is then 
described as a resonance hybrid of these forms. 


It is important to stress the difference between resonance and tauto- 
merism. The concept of resonance has been introduced to describe the 
delocalization of electrons ; in all the different forms of the molecule as 
represented by valence bond structures, among which resonance is said to 
occur, the configuration of the nuclei is the same. In tautomerism, on the 
other hand, the atoms are arranged in different ways and tautomeric 
changes, in which one form is changed into the other, occur as the result 
of chemical reactions. The tautomeric forms are in fact different chemical 
entities and in theory and frequently in practice, each can be isolated. 


For benzene we have considered so far only the Kekulé structures in 
which the 7 bonds are formed between neighbouring atoms ; such forms 
represent the greatest possible interaction of the electron clouds, since the 
distance between neighbouring carbon atoms is only 1-4 A, and will thus 
contribute more than other possible structures to the resultant state of 
the molecule. But it is necessary to consider all possible valency structures 
among which there is resonance and thus for benzene the three Dewar 
forms must be considered : 


0 Oo § 


In these structures one of the 7 bonds occurs between atoms in the para 
position. Since the exchange energy decreases very rapidly with increase 
in distance between the nuclei, it follows that the energy of the para 7 bond 
will be small. The energy of each of the three Dewar structures is thus 
greater than that of the two Kekuleé forms and hence their contribution to 
the final state of the atom is less. Nevertheless it is necessary when con- 
sidering the benzene molecule, to consider these three possible forms along 
with the structures of Kekule. 


Resonance occurs wherever one molecule can be represented by two or 
more valence bond structures. In general the resulting molecule is the 
more stable, the greater the number of possible structures. Where a 
molecule can be represented by two structures, the extent of the resonance 
between these two forms is determined by the relative energies of the two 
structures. If they are of equal energy, then their contribution to the final 
state of the molecule will be equal and the resonance will be a maximum ; 
if, however, one form has a higher energy than the other, then the former 
will contribute less to the final state of the molecule and resonance will 
be less. In the extreme case where the energy of one form is so high that 
its contribution to the state of the molecule is insignificant, resonance does 
not occur. Although there is an arbitrary element introduced into the 
concept of resonance by the choice of the various structures amongst which 
resonance occurs, it is generally a simple matter to distinguish the most 
probable forms. Only those states which have the same value for the 
total spin of the valency electrons can be considered. Thus in benzene for 
example, the total spin in each of the five structures discussed above, 1s zero. 
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it may be shown by quantum mechanics that the number of independent 
or canonical structures amongst which resonance can occur 1s given by, 


n! 


p14)! 


where n is the number of non-localized electrons. In benzene, besides the 
electrons forming the o bonds, which are localized, there are six 7 electrons 
and thus the number of canonical structures is : 


1.2.3.4.5.6 


1.2.3.1.2.3.4 > 


The five structures are the two Kekulé and the three Dewar forms. It is 
possible, however, to construct other structures of benzene e.g. by joining 
atoms in the meta position with a a bond or by making all three 7 bonds 


of the Dewar type : 


These and other similar structures are not independent and for the case 
when the atoms are arranged in a ring only those structures for which 
the bonds do not cross need be considered ; all the other forms can be 
represented by resonance contributions of these structures® 4: 9, 


If the benzene nucleus were to be regarded as consisting of a system of 
three single and three double bonds between carbon atoms, the heat of 
formation of benzene would be the sum of the heats of formation of three 
C=C bonds, three C—C bonds and six C—H bonds. As we have shown, 
however, the benzene nucleus cannot be regarded as a system containing 
localized double bonds since each bond between carbon atoms is neither 
single nor double, but has an intermediate character, and the value for 
the heat of formation of the benzene nucleus is found to be approximately 
39 kcals/gm mol. greater than that calculated assuming localization of the 
double bonds®. This energy, which stabilizes the molecule, is termed the 
resonance energy. Similar results are obtained from data for the heats of 
hydrogenation. It is this resonance energy which gives to benzene its 
aromatic properties. From a thermodynamic viewpoint unsaturation of a 
compound is due to the relative instability of a double bond compared 
with two single bonds ; the resonance energy, by reducing this instability, 
gives the molecule a degree of stability approaching that of a saturated 
hydrocarbon. The distance between neighbouring atoms of carbon in a 
molecule of benzene is 1:40 A, a value which is between that in saturated 
hydrocarbons (1-54 A) and that in ethylene (1°32 A). 


The identity of all the carbon bonds in benzene are to some extent 
supported by the experimental results of Levine and Coxe’. It is well 
known that one molecule of benzene reacts with three molecules of ozone 
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to give the triozonide which on decomposition yields three molecules of 


glyoxal : ° 
O CH O 
NX & 
a 130). =. 4% C ay | 
Vy, / CH CH 
O; f \ an \y es 


Localization of the bonds in o-xylene would yield the following two forms : 


3 CH; 
by oy 
XY 
II 


po 

I 
Ozonization of the form J would yield two molecules of methylglyoxal and 
one of glyoxal, 


CH, 
| O=CH O=CH 
9 


CH, > |} +2 | 
: O=CH O=C—CH, 


whereas ozonization of the form // leads to the production of diacetyl and 
two molecules of glyoxal, 


Levine and Cole established experimentally that all three products were 
formed. The significance of this work, however, must not be exaggerated 
since it does not prove unambiguously that the bonds between the carbon 
atoms are all identical ; an equally valid argument could be based on the 
assumption of the existence of two isomers having the Kekulé structures. 

The reactivity of benzene towards substituting reagents is linked with 
the fact that in the course of substitution, not only is resonance of the 
benzene ring structure preserved, but the possibility of resonance 
structures involving the substituting groups may occur. This problem will 
be discussed later. 


CONJUGATED SYSTEMS 
The partial delocalization of 7 bonds and the resulting resonance of the 
molecule permit an explanation to be made of the properties of non-cyclic 
compounds containing conjugated double bonds e.g. butadiene. The 
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configuration of the butadiene molecule has been shown by electron 
diffraction to be 


1 1-354 2 
H,C = CH 
124°\. 146A 
CH =CH, 
3 035A 4 


The distance between the central two carbon atoms, 1°46 A, is smaller 
than that between a normal single bond, 1°-54.A. This observation suggests 
that the bond between carbon atoms 2 and 3 possesses some double bond 
character. The distances between atoms 7 and 2, and 3 and ¢ is, in both 
cases, 1-35 A which cannot be considered significantly different from the 
value of the C=C bond in ethylene, 1-32 A. The heat of formation of 
butadiene, however, is somewhat higher than the value obtained by the 
addition of the bond energies of two C=C bonds, one C—C bond and 
six C—-H bonds. This evidence shows that the molecule is stabilized by 
resonance between two or more structures. 

The anomalous behaviour of butadiene on halogenation has been 
recognized for some time. It would be expected that the addition of 
bromine across one of the double bonds would produce only the molecule 
CH,Br-CHBr'CH=CH,. However, in addition to the 1,2-dibromo, 
compound there is a considerable yield of the 1,4-dibromo compound 
CH,Br—CH=CH—CH,Br, which contains a double bond in the 2,3 
position. In order to explain this behaviour, THIELE proposed a theory 
of partial valencies. In this theory the second link in a double bond does 
not fully neutralize the affinity of the two carbon atoms so that they are 
left with a ‘ residual affinity’. In a system of alternate double and single 
bonds, the residual affinities of the inner atoms combine across the single 
bonds whilst those of the outer atoms remain free to attract other atoms. 
Thiele’s formula for butadiene was therefore 


CH,=CH—CH=CH, 


where the dotted lines represent the partial valencies. The nature of the 
partial valencies remained obscure until the development of the wave 
mechanical theory of valency which explains the behaviour in the following 
way. The 7 bonds between carbon atoms 7 and 2, and 3 and ¢ are not 
considered to be completely localized and as irr benzene, electron exchange 
between atoms 2 and 3 and 7 and ¢1s possible. Thus we may write two 
structures for butadiene 


CH,=CH—CH=CH, 
I 

ia iinet i 

| 


IT 


The second structure will have a higher energy than the first because of 
the much reduced interaction between the electrons of atoms s and 4, and 
therefore contributes less to the final state of the butadiene molecule than 
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the first structure, nevertheless resonance between the two structures does 
result in a small increased stability of the molecule. The carbon atoms 
1 and 4 are incompletely saturated since in the second structure the bonding 
between them is very weak (the distance is 2-8 A in the cis and 3°5A in 
the trans configuration). This nonsaturation of atoms z and 4 explains their 
reactivity. 

cyclo-Butadiene has not been isolated, presumably because thede forma- 
tion of the valency angles from 120° to go° produces a greater loss of 
stability than can be overcome by the resonance of the resulting molecule. 

cyclo-Octatraene does not possess aromatic properties, 


CH—CH 
VA \ 
CH CH 

| 
CH CH 
\ 4 
CH—CH 


and recent x-ray studies® have shown that the molecule is not flat and that 
the bond lengths in the molecule are not equal, being 1-34 A for the double 
bond and 1°-54A for the single bond, values which are almost identical 
with those for bonds in aliphatic compounds. It has therefore been con- 
cluded that in agreement with the thermochemical data, the molecule is 
not stabilized by resonance. 


NAPHTHALENE 


The characteristic chemical properties of naphthalene which have to be 

explained may be enumerated as follows : 

a The reactions of naphthalene show it to be less aromatic t.e. more un- 
saturated than benzene. Thus naphthalene is more easily oxidized and 
reduced, and substitution reactions occur much more readily, particularly 
in the a—position, than in benzene. 

6 Hydrogenation takes place more readily with naphthalene than with 
benzene. This fact is well illustrated by the reaction of dihydro-benzene 
with naphthalene resulting in the oxidation of the dihydro-benzene to 
benzene, the formation of dihydronaphthalene and the liberation of 
energy in the form of heat, 


Oo CO- 0+ Oo 


¢ The various stages in the hydrogenation process are well defined ; the 
1,4-dihydronaphthalene is produced first, but as this is not one of the 
more stable forms, an exothermic molecular rearrangement occurs with 
the formation of 1, 2-dihydronaphthalene : 


OO +e = COO + CO” 
, \ 
H, 


Further hydrogenation gives tetralin, 1,2,3,4-tetrahydronaphthalene, a 
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process which takes place easily and rapidly. The hydrogenation of the 

second ring to produce decalin, takes place less easily and more slowly. 

d The substitution reactions of naphthalene, even in the case of the for- 
mation of monosubstituted derivatives, are complex. Substitution in the 
a-position is most common, e.g. in sulphonation and nitration, but a 
complicating factor is introduced by changes in the relative magnitude 
of the energy of activation for substitution reactions in the a- and f- 
positions with variation of temperature. Thus at high temperatures the 
energy of activation for the sulphonation reaction producing B-naphtha- 
lene sulphonic acid is lower than that for the a-derivative. The equi- 
librium mixture for the f-derivative is therefore formed first and this 
form predominates in the product. At lower temperatures (80° C), the 
energy of activation of the reaction forming the a-derivative is less than 
for the B-derivative and hence a-naphthalene sulphonic acid predominates 
in the reaction product. 

e There are indications of inequality in the properties of the various bonds. 
Thus although the 1,2-disubstitution products are well known, no 
2,3-disubstitution products have as yet been isolated. 

{ The formation of molecular compounds occurs more readily with 
naphthalene than with benzene ; this may be attributed to the greater 
unsaturation of naphthalene compared with benzene. 

It is not possible at the present time to give an exhaustive explanation 
of all the properties of naphthalene and its derivatives. However, the 
application of quantum mechanics does enable certain empirical rules to 
be explained theoretically. In order to do this there is no need to reject 
the Erlenmeyer formula for naphthalene, but only to consider the additional 
properties due to the resonance in the two six membered rings. 

Naphthalene contains 10 electrons capable of forming 7 bonds and 
therefore the number of structures which contribute to the final state of 
the molecule ts : 


= 42 
5! 6! 

The arrangement of the valency bonds in the various canonical structures 
is determined by the same rule as for benzene. The atoms are distributed 
symmetrically in a circle and joined by all possible ways without the 
crossing of the valence bonds‘ * ® The full number of independent 


structures, corresponding to the total number of canonical structures, is 
then obtained. 


If the naphthalene rings are numbered in the customary manner and 
are rearranged in the same order in a circle vz, 


aa) 7 : 
KAN/ ? 6 3 
5 4 
9 


then by uniting the atoms in the manner shown in the diagram we obtain 
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Table XXI. Canonical Structure of Naphthalene 
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the original Erlenmeyer formula. In a similar way it is possible to work out 


4 
2° Gg 

all the remaining structures and all 42 canonical structures are given in 

Table XXI. Although in this table there are formulae with intersecting 

valency bonds, if the formulae are drawn out in the circular form it is 

found that no intersections occur, e.g. in structure XL/J the bonds are 

between atoms 1—10, 2—8, 3—7, 4—6, and 5—g and when represented 


in the circular form we have : io 
I 


5 4 
9 

Let us consider the first three structures (J, JJ and IJ in Table XXI) in 
which the 7 bonds are only between neighbouring carbon atoms. These 
structures which may be referred to as the Kekulé structures, will con- 
tribute more to the final state of the molecule than other forms because 
of the greater energy of the 7 bonds. Since these three structures will 
contribute equally to the resultant molecule, the 1—2 bond possesses two 
thirds double bond character, whereas the 2—3 bond possesses only one 
third double bond character. Thus the lack of equality of the bonds in 
naphthalene is explained. Furthermore, SHERMAN has shown that the 
symmetrical structure J makes a greater contribution to the resultant 
molecule than do the structures JJ and JI. This will cause a further 
increase of the double bond character of the 1—2 bond and a reduction 
of the double bond character of the 2—3 bond. 

Let us now consider those formulae containing four 7 bonds between 
adjacent carbon atoms and one elongated a bond (structures IV to XIX in 
Table.XXI). Of these structures eight are of the Dewar type where the 
distance between the carbon atoms is 2°8A (structures JV to XJ), four 
contain a bond between carbon atoms 3°61 A apart (structures X/I to XV), 
two contain a bond between carbon atoms 3-65 A apart (structures XVI and 
XVII) and there are two with a distance of 5 A between the carbon atoms 
(structures XVIII and XIX). The strength of the 7 bonds decreases con- 
siderably with the increase of distance and when this becomes as much as 
5 A (as in structures XVIII and XIX) the resulting bond contributes very 
little energy to the stability of the molecule. 

In each of the structures XX to XXXVIII, there are three normal 7 
bonds between neighbouring carbon atoms and two between carbon atoms 
at greater distances, whereas in structures XXXIX to XLII there are two 
normal and three long 7 bonds. The contribution of these structures to 
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the molecule is small and therefore we may regard only the first nineteen 
structures as significant. In each of structures JV, V, X, XI, XVI and 
XVII there occurs two unsaturated a positions, since in each case two 
a positions are joined by a 7 bond of length > 2-8 A and such a bond is so 
weak that the constituent carbon atoms may be regarded as being almost 
trivalent in character in those valence bond structures. Structures X// to 
XV each have one a and one f unsaturated carbon atom, structures V/ to 
IX each have one § carbon atom unsaturated and structures XVIII and 
XIX two unsaturated B carbon atoms each. Thus the valency of the a 
position is not saturated in sixteen cases, compared with twelve for the B 
position. This conception of the relative unsaturated valency of the a and 
B positions leads to an explanation of the fact that substitution occurs 
more easily in the a than in the 8 position. A more detailed calculation?®, 
taking into consideration all the forty two structures, shows that the quan- 
tum weights of the nonsaturated a and 8 positions in naphthalene are in 
the ratio 2:1. 

The behaviour of naphthalene on hydrogenation may now be explained. 
The addition of two atoms of hydrogen occurs at the a positions of one 
ring leading to the formation of 1,4-dihydronaphthalene. Since the a 
positions are the least saturated, the energy of activation for the reaction 
with hydrogen at these positions will be less than at any other positions 
and hence it would be expected that the 1,4 compound would be obtained 
first. This molecule, 


Hp 


Hy 


possesses a fixed double bond in the 2—3 position which cannot participate 
in the resonance of the molecule since the 1 and 4 carbon atoms are fully 
saturated, each taking part in four o bonds. Although the formation of 
1: 4-dihydronaphthalene takes place more rapidly than hydrogenation in 
other positions, this does not necessarily infer that the 1,4-disubstituted 
molecule is the most stable modification and 1,2-dihydronaphthalene is 
found to be more stable than the 1,4-compound by virtue of the resonance 
that can occur in the partially hydrogenated ring : 


H, H, 


CS H, H, 


Therefore the rearrangement of the dihydrogenated naphthalene from the 
1,4-compound to the 1,2-compound is thermodynamically favourable 
and does in fact occur. 

Complete hydrogenation of one ring occurs first, since only by so doing 
can the resonance of the second ring be preserved. If the four hydrogen 
atoms were distributed throughout both rings, e.g. two in each, the 
remaining double bonds would either become localized or the number of 
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effective structures would be reduced. It is particularly interesting to note 
that when two molecules of 1,4-dihydronaphthalene react together, one 
molecule of naphthalene and one of tetralin are produced, the reaction 
being accompanied by the liberation of energy (4H = — 30 kcals/gm mol). 
The reason for this behaviour is that although the total number of single 
and double bonds remain the same, we have replaced two molecules in 
which resonance only occurs in one ring in each molecule, by a molecule 
of naphthalene which is greatly stabilized by resonance, and one molecule 
in which resonance occurs in one ring : 


+O - 00 + OF 


Hence the reaction may be regarded as a transfer from a benzene resonating 
system to a naphthalene and a benzene resonating system, with a corre- 
sponding increase in stability. 


OTHER AROMATIC HYDROCARBONS 


Certain other aromatic hydrocarbons will now be considered briefly. 
Anthracene is less aromatic than naphthalene. There are fourteen elec- 
trons available for the formation of 7 bonds and so the full number of 


: ; 14 ! er 
canonical structures will be asi = 429. The most significant structures, 


however, are the following. Four Kekulé structures (J to JV) 


CO SO ~ 
VA, \/ VAS A440 
I I 


‘ 
Il 
A CO 
MAAS 
IV 
and fourteen Dewar type structures V to XJ 


CV CRC CUMUCE 


Sour structures three structures three structures 
V VI VII 
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SOO. GOO. COP 


one structure one Structure one Structure 
Vil 1X »,4 
one Structure 
Al 


With the aid of these structures we may obtain an approximate evaluation 
of the relative unsaturation of the various atoms. This is shown in XII where 
the figures represent the number of valence bond structures in which a 
particular carbon atom is involved in a Dewar type bond 


4 A, 
1 1 
1 1 
Hy 
XII AIT 


The 9 and 10 positions are the most unsaturated and hydrogenation leads 
to the formation of 9, 10-dihydroanthracene. Not only is the energy of 
activation for the hydrogenation reaction reduced by the increased un- 
saturation of the 9 and 10 carbon atoms, but the resulting molecule possesses 
considerable resonance energy by virtue of the two benzene rings and 
represents the most stable isomer of dihydroanthracene. 


The higher reactivity of anthracene compared with naphthalene, as 
shown by the greater ease of hydrogenation, is directly related to the fact 
that the Dewar structures containing one long 7 bond contribute more to 
the final state of the molecule in anthracene than in naphthalene. Thus 
taking the Kekulé and Dewar structures for naphthalene I to XJ, Table XX], 
the relative unsaturation figures, comparable with those given in X/I are : 


1 1 
QV 
2 
XIV 


Naphthacene (XV) has five Kekulé structures and Dewar structures with 
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one long 7 bond play an even greater part in the reactivity of the molecule 
than in anthracene. This applies to even a greater degree 


Maat | WA 


AVI 
to 2, 3, 6, 7-dibenzanthracene (pentacene, XVI) in which the addition of 
hydrogen atoms in the fara positions in the central ring does not prevent 
resonance in the two adjacent naphthalene ring systems, XVII. 


Hy 


QOQD 


H 2 
XVII 


For the hydrocarbons so far considered, which consist of benzene rings 
connected linearly, the number of Kekulé structures is one more than the 
number of rings. Thus in benzene it is two, naphthalene three, anthracene 
four, naphthacene five and dibenzanthracene six. ‘The number of structures 
with elongated w bonds, however, increases considerably as the number of 
benzene rings in the molecule is increased and it is this fact that 1s responsible 
for the gradual increase in reactivity with the size of the molecule. 

A non-linear arrangement of three benzene rings occurs in phenanthrene 
(XVII) 


as / \2 
7 2 
6 5 4-3 
XVII 


In this molecule five Kekulé structures occur : 


~~ \ a a 
SOY GO GO 


XXI 
\ 

JN 4+ ay 
AXIT AXIT 


It will be noticed that in four of the five structures the link between carbon 
atoms g and 10 is double; these atoms are therefore the most reactive. 
Hydrogenation produces g, 10-dihydrophenanthrene XXIV. This com- 


H, H, 
H, 
H, 
H, H, 
XXIV XXV 
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pound is also the most stable of the various possible dihydro derivatives, 
since the resonance of the adjacent benzene rings is unaffected. Further 
hydrogenation gives 1,2, 3, 4-tetrahydrophenanthrene XXV ; the formation 
of this molecule evidently involves the migration of the hydrogen atoms at 
the g, 10 positions into the side ring. It is clear that this tetrahydrophenan- 
threne is more stable than any other configuration since it does not 
interfere with the resonance of the remaining naphthalene ring. If there 
were no migration and for example, the 1,2, 9, 10-tetrahydrophenanthrene 
XXVI were obtained, the resonance 


H.-H; 

Hy, 
ce one: 
XXVI ee 


energy, which is the same as for 2- wieuseauiene would be less by 
about 30 keals, than that of the 1,2,3,4-tetrahydrophenanthrene, XXV. 
Further hydrogenation produces ‘octahydrophenanthrene (octanthrene 
XXVITI) in which the central benzene ring still possesses non-localized 
bonds and its resonance therefore stabilizes the molecule. 

Until relatively recent times there has been a controversy concerning the 
validity of one or other of the formulae for the hydrocarbons described 
above. Thus structures for naphthalene have been proposed by ERLEN- 
MEYER, SCHERRER, HARRIES and WILLSTATTER, BAMBERG and _ others. 
However it is now clear that such arguments are pointless since all such 
formulae represent possible structures which contribute to the ultimate state 
of the molecule. What is of importance, as we have seen, is the weight of 
the various contributions, since it is this which determines the chemical 
reactivity of the molecule. 

In addition to the Kekulé and Dewar structures in the separate benzene 
rings, diphenyl possesses additional structures with w bonds between the 


rings /~ = = 
27> aoae 


XXVITL XXIX 
Such structures are only possible if both rings lie in one plane, when the 
figures of eight of all the a electrons are parallel. x-ray data suggests 
that this is so!!, but it has not been confirmed by more recent electron 
diffraction measurements!2. 
Hydrocarbons of the type 


XX XXXI 
94 


RESONANCE OF VALENCY STRUCTURES 


may also apparently have resonance structures of the same type as diphenyl, 
but owing to steric hindrance due to repulsion between the hydrogen 
atoms, the various ring systems cannot lie in the same plane. For this 
reason contributions to the resonance of the molecule from structures of 
the diphenyl type cannot occur!®. 


FREE RADICALS 


The discovery of triphenylmethyl by GomBERG in 1900 was most unexpected. 
It had been anticipated that hexaphenylethane would be a stable, un- 
reactive compound, but Gomberg found that it could be isolated only by 
treating triphenylmethyl bromide with silver powder in the complete 
absence of air. Solutions of hexaphenylethane reacted rapidly with several 
reagents ¢.g. oxygen, 1odine and nitric oxide and the conclusion that the 
hexaphenylethane dissociated into triphenylmethy] radicals was confirmed 
by molecular weight determinations. Since the tetravalency of carbon had 
at that time been fully established it is not surprising therefore, that the idea 
of trivalent carbon was difficult to accept. However, other free radicals 
were discovered and it became established that in addition to trivalent 
carbon they could involve divalent nitrogen, and monovalent oxygen and 
sulphur. The common characteristic of all free radicals is the existence 
in the molecule of one unpaired electron, this causes the well known 
paramagnetic properties of all monoradicals. 

The formation of free radicals cannot be explained on the basis of 
classical valency theory ; the stability of these molecules may however, be 
adequately explained by the quantum theory of valency. Ethane does not 
under normal circumstances dissociate into two methyl radicals. The 
reaction ‘ 

H,C—CH, —— 2CH, 

only takes place with the absorption of 82-6 kcals i.e. it is strongly endo- 
thermic (the dot over the carbon atom represents the unpaired electron). 
This fact is not surprising since it is a stable single bond between two 
carbon atoms which is being broken. In order to explain how the disso- 
ciation energy required to break a molecule into free radicals may be 
lowered we shall consider first the molecule of dibenzyl. On dissociation, 
two free radicals are obtained : 


C,H,;CH,—CH,C,H, -——> 2C,H,CH, 
and in each of these a trivalent carbon occurs. However, it is clear that 


the unsaturated carbon atom need not necessarily be that of the CH, 
group, /, but may also be that of the para and ortho carbon atoms of the 


benzene ring, //, [JJ and IV 
S=cH, 


e =—S\. —=—<,, 
¢ \—CH g >=CH a _>=CH 0 

I Ul Ul lV 
Thus in the free radical several valency bond structures are possible in 
addition to the normal resonance structures of benzene which are still 
present in /, and resonance amongst all these states will lead to an increase 


in the stability of the free radical. Consequently, for the dissociation of 
dibenzyl less energy is required than for the dissociation of ethane because 
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of the stabilization of the resulting free radicals by resonance. Thus in 
the molecule of dibenzyl, the link between the two CH, groups is weaker 
than in ethane and the bond between the phenyl! carbon atom and the 
CH, group should be stronger in view of its partial double bond character. 
The x-ray data confirms this conclusion by showing that the CH,—CH, 
distance is 1:58 A as compared with 1°54 A in ethane and the C,H, _—CH, 
distance is 1-47. A. An increase in an interatomic distance represents a 
weakening, and a decrease a strengthening, of the bond. 

The dissociation of hexaphenylethane leads to the formation of two 
triphenylmethyl radicals. With the central carbon atom in the trivalent 
state eight Kekulé structures are possible ; the nine carbon atoms in the 
ortho and para positions in the three rings may also be in a trivalent state 
and thus in all, 36 valence bond structures are possible for the free radical. 
As a result of the resonance among these structures there is a gain in 
energy of the free radical by 50 kcals, with the result that the dissociation 
energy of hexaphenylethane is as low as 11-12 kcals. 

In the hexaphenylethane molecule the valence bonds of the two ethane 
carbon atoms are tetrahedral, but during the dissociation this configuration 
is replaced by the planar configuration which is present in the free radical. 
The planar structure may, however, be slightly distorted owing to the 
repulsion of the ortho hydrogen atoms ‘of the benzene rings. 

When hexa-diphenylethane [(C,H;—C,H,), C—C (C,H;—C,H;),] dis- 
sociates into two tri-diphenylmethy! radicals, “each radical contains nineteen 
carbon atoms which may exist in the trivalent state: the central carbon 
atom and the ortho and para atoms of each ring. A very large number of 
valence bond structures is therefore possible with this radical, giving to it 
a considerable stability, thus explaining the great ease with which hexa- 
diphenylethane dissociates into free radicals. 


Table XXII. Degree of Dissociation into Free Radicals 


Dissociation Temperature Concentration 
Free radical formed per cent °C 

Triphenylmethyl .. me ee 28 
Diphenylyl-p—tolylmethyl.. - a 5 
(p—diphenylyl)-—diphenylmethyl an Ba 12:8—14'1 
(m-diphenylyl)—diphenylmethyl .. des 11°-4—12°0 
Diphenyl—o-tolylmethyl .. nk . 25 
Diphenyl-B-naphthylmethyl iM 6 
Diphenyl-a-naphthylmethyl ae c- 27 
Phenyl-di-(p—diphenylyl) methyl .. 7 18 
Tri-(p—diphenylyl) methyl <a 26 
Tri-(m—diphenylyl) methyl bse 6o 
Di-B-naphthylphenylmethyl Ge 13 
Tri-B-naphthylmethyl : 

a-naphthyl-(p-dipherylyl \—phenylmethyl .. 54 


In Table XXII the degrees of dissociation of a series of substances are 
given. The extent of dissociation is dependent on the temperature, con- 
centration and on other conditions. 
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The formation of a free radical possessing only one carbon atom which 
can exist in the trivalent state e.g. the formation of a methyl radical from 
ethane, docs not take place to any great extent at normal temperatures. 
This is due to the fact that since the free radical is not stabilized by 
resonance, it can only be formed by a strongly endothermic reaction. 
Those molecules which readily dissociate to form free radicals do so because 
the dissociation energy has been reduced by the increased stability of the 
resulting free radicals, due to resonance among several valence bond 
structures. If in the free radical the single unpaired electron is localized 
at one carbon atom, as in *CHg, then such a free radical is extremely 
reactive, but if the unpaired electron is shared among several carbon atoms 
e.g. in tri-diphenylmethyl, where ninetcen different positions arc possible, 
the reactivity is decreased. As is to be expected in a molecule possessing 
an unpaired electron, the electron affinity of free radicals is high, that of 
triphenylmethyl being 48+ 5 kcals!*. 

Following the same general argument used above to explain the 
dissociation of various arylethanes, an understanding may be obtained for 
the relative stability of free radicals compared with free atoms, e.g. nitrogen 
and oxygen, containing unpaired electrons. Tetraphenylhydrazine dis- 
sociates to some extent into two molecules of diphenyl nitrogen : 


pat = x y-N< > 


V 
The unpaired electron, however, is shared with six carbon atoms, since 


resonance amongst the seven structures represented by V, VJ, VII and 
VIUIT occurs. 


ek > Orr 


two structures lwo structures 


VI VII 


OP a 
two structures 
VIII 
Thus the nitrogen atom cannot be regarded as divalent since if the con- 
tribution of the structures V to VIII is equivalent, the proportion of 
divalent character is only one seventh. Similar reasoning applies to free 
radicals containing oxygen, e.g. the g-methoxy—10—-phenanthroxy radical 
IX, : 


CH,O O CH,O O CH,O O 
a 7 \ 
\ = = 4 
1X X XI 
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CH,O O CH,O O 
fp 


XV AVI 


In this molecule the possibility of resonance with structures containing 
trivalent carbon stabilizes the molecule and reduces the reactivity of the 
free radical. 


BI-RADICALS 


Molecules containing two trivalent carbon atoms occur in compounds such 
as the meta derivatives of diphenyl, e.g. XVII, which cannot form a quino- 
noid structure in the same way as the corresponding para derivative XVIII 
in which all the carbon atoms are quadrivalent. Magnetic studies of the 
dimeric form of XVII shows it to be paramagnetic thus confirming the 
existence of the bi-radical. 


C.H;)2C* ‘C(C,H; 
( 6 5)2 XVI ( 6 s)2 


(CoH) C= KCC pHs) 
AVI 
The case of CutcuipaBin’s hydrocarbon (C,H;),-C-C,H,—C,H,-C-(C,H;), 
is somewhat more complicated. ‘This hydrocarbon is deeply coloured and 


readily reacts with oxygen and for these reasons the suggestion was made 
that it may exist in the form of the bi-radical XZX, 


(C,H 5) c< >< >-¢ (C,H ) 2 


ATX 


rather than in the quinonoid form XVIII. 

The latter structure X/X represents the molecule in a triplet (paramagnetic) 
state, whereas the former XVIII represents a singlet (diamagnetic) state. 
These two statcs cannot resonate with each other, since the total spin 
moment is different in the two cases, and one state represents the ground 
state and the other an excited state of the molecule. Magnetic studies 
show that Chichibabin’s hydrocarbon 1s diamagnetic and hence it follows 
that the ground state of the molecule is the singlet state XVIIJ and that 
the energy of excitation to the triplet state X/X, must be large enough to 
prevent the number of excited molecules in equilibrium with the ground 
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state being significant at the temperature of the magnetic measurements. 
If the number of benzene rings is increased, as in ..X, 


(CoH) 20K Cla 
XX 


the energy of excitation to the triplet state is reduced and at equilibrium 
the concentration of the triplet (paramagnetic) state is sufficient to be 
detected by magnetic measurements. 

If the coplanar configuration of the two central benzene rings in XVIII 
is made impossible by introducing substituent groups into the ortho positions, 
as in AX] 

Cl 


Cl 
(C,H,) eS <a 
] 


Cl C 

AX] 

the quinonoid structure becomes impossible, and the molecule in the ground 
state is a true bi-radical. 
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RESONANCE OF COVALENT AND 
IONIC STATES 


THE IONIC (HETEROPOLAR) BOND 


In CHAPTER 3 the covalent bond has been discussed and the question 
now arises whether this is the only possible type of bond between atoms. 
Let us consider the gaseous molecule of sodium chloride. The sodium and 
chlorine atoms each have one unpaired electron, 35 in sodium and 3p in 
chlorine, so that in principle the formation of a covalent bond is possible. 
The calculation of bond energies presents considerable difficulties even in 
a simple molecule such as hydrogen and the calculation for more com- 
plicated molecules is impossible except by an approximate method such as 
that introduced by Pautinc!. In this method, it is assumed that the 
energy of the covalent bond A—B, is equal to one half of the sum of the 
bond energies of the homopolar molecules A—A and B—B, ze. 


Fiytgt (Ejna es) tiga (OnK) 
The bond A—A, e.g. Na—Na in the molecule Na,, and the bond B—B, 
e.g. CI—Cl in Cl, are formed by the interaction of two electrons from 
different atoms, both electrons participating in the formation of the bond 
to the same degree. According to the method of Pauling, one half of the 
energy of the bond is apportioned to each electron, and each electron of 
the atoms A and B contribute the same energy to the molecule AB, as to 
the molecules AA and BB. 

A theoretical proof of this method of calculating bond energies cannot 
be made and its validity can only be tested by its application to specific 
cases where calculated and observed values of the bond energies may be 
compared. A convenient series of molecules for this purpose is the inter- 
halogen compounds, since because of the similarity of the properties of 
the halogen atoms, the bonds will be largely covalent. For a similar 
reason, molecules formed between alkali metal atoms may also be con- 
sidered. The energies of the bonds in the molecules BrCl, ICl, IBr and 
NaK are shown in Table XXIII. The values of the bond energies of Cl,, 
Br,, I,, Na, and K, used in deriving the calculated value were 57, 45, 35; 
17 and 12 kcals respectively. The agreement between the calculated and 
experimental values is good and we may 


Table XXIII. Calculation of Bond Energies therefore conclude that for bonds which 


Ca) are highly covalent in character, the 

Molecule ee Ecalc. |Eobserved method of Pauling gives satisfactory 
keals | keals results. 

BrCl | i. a If this method of calculation is now 

IC] ! 46 | 49 applied to molecules such as NaCl, LiF 

IBr 40 | 42 and KBr, we find considerable dis- 

NaK | 145 | 145  crepancies between the calculated and 


rrr, experimental values. Thus for sodium 
chloride the bond energy of the covalent bond will be : 


§ (Ex. + £o,) = 4 (17 + 57) = 37 kcals 
a value in very poor agreement with the experimental value of 98 kcals 
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obtained from spectroscopic data. It is therefore concluded that the bond 
in the sodium chloride molecule is not covalent. 

The bond energy may also be calculated on the assumption that the 
molecule is ionic and that the bond energy is due enurely to the clectro- 
static interaction of the ions. “Vhe energy value /2 which is to be calculated 
is that of the formation of the ionic molecule NatCl~ from atoms, te. 


Na + Cl]—> NatCl-,,, + £ 
The transformation of a sodium atom into a sodium ion requires the 
absorption of an amount of energy /, equal to the tonization potential, te. 


Na, > Nat +e-—T/ 


where J = 118 kcals. The electron is acquired by the chlorine atom and 
an ameunt of energy equivalent to the electron affinity of chlorine is 
liberated, 1.e. 
Cl+e->cCcl--+F 

where F = 86 kcals. 

The Coulombic attraction of two ions of opposite unit charge situated a 
distance r apart is given by : 

| eee al .... (6.2) 

It will be assumed that the ions are non-distorted ; the problem of polar- 
ization will be discussed later. In addition to the attraction between the 
ions there will be a repulsion caused by the completed electronic shells of 
the sodium and chloride ions. The transfer of paired electrons, as we have 
seen in Chapter 3, leads to a repulsion energy. Exact calculation of this 
energy is difficult but it may be done by an approximate method. The 
error involved does not significantly affect the result, as the repulsion 
energy is small in comparison with the energy of attraction. In Chapter 3 
it was shown that the exchange energy of repulsion decreased exponentially 
with the distance between the atoms : 


E, = A exp (— ar) Piva (O.2) 
where A and a are constants. It is possible to replace this function by a 
simpler one by assuming that the energy of repulsion, since it falls off very 


rapidly with increase of distance, is inversely proportional to a high power 
of r, te. 


Ey =B/r* .... (6.4) 
The error involved in making this approximation amounts to only a few 
kcals for the sodium chloride molecule. This is negligible for our present 
purpose. The total energy of interaction of the ions is then given by, 
B= E, +k, = — e*/r + Bir .. +. (6.5) 
Since the molecule formed is stable, it follows that at a particular value of 
r, £’ will be a minimum. Hence we may write : 
dE"? nB 
ie cag eee 0 .... (6.6) 
where rg represents the interatomic distance at equilibrium. 
From equation 6.6 it follows that 


e? nB 
rot ght eves (0.7) 
and hence, 
B= e*r,.° Jn .... (6.8) 
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Substitution of this value of B in equation 6.5 gives : 


eas 5 eee 
E oo To (2 n } eee @ (6.9) 
and hence the bond energy of the ionic molecule NatCl> is given by, 
? l 
E=-I+F45 (1 =) ».. (6.10) 
To n 


The value of n in equation 6.10 is approximately g, and calculation of £ 
gives the value as 85 kcals. This value is much closer to the experimental 
value of 98 kcals than was the value obtained assuming that the bond was 
covalent. Values for a series of alkali halide molecules are given in Table 
XXIV and it is seen that in every case the bond energy, calculated for an 
ionic type of bond, is much closer to the observed value than that calculated 
on the assumption of a covalent bond. This conclusion is also supported 
indirectly by the values of the interatomic distances of these molecules, all 
of which are larger than would be expected if the molecules were covalent. 
All the interatomic distances given in Table XXIV are above 2-5 A and 
there is no known instance of a homopolar bond having an energy of the 
order of 80 to 100 kcals at such a distance. 

It is thus apparent that there are two different types of bond, the 
homopolar or covalent and the ionic. In the former the main contribution 
to the bond energy is due to the quantum mechanical exchange phenomena 

Table XXIV, Bond Energies of Alkali Halides ae 7 poner a 
| Bond Energy tween the ions. In 
molecules such as H,, 


| 
| Intermuclear | Covalent bond ee Avo _ 
Molecule | distance | according to accordin Experimental N,, Cl,, Nag, IBr and 

| A | Pauling’s equation , equation valus NaK the bond may be 
Nac 251 [a 37 | 5 98 regarded as covalent, 
Nal | 2:90 26 59 73 but in molecules formed 
ae | a79 34 | 92 10 6 from atoms of widely 
KBr 94 Zs | 8 9 differing electronegati- 
RbCl 2°89 34 | 91 101 vity, é.g. LiCl, NaCl, 
Pee ere a8 | 84 9! NaBr, KI, the bond is 
RbI ; 326 2 70 76 almost entirely ionic. 
CsC} 3°06 33 | 93 103 ‘ fl Y 
CsBr | me a7 | 89 93  Caesium fluoride pre- 
a ee ee ee ee 82 sents a special case 


however, since the 
electron affinity of fluorine (95 kcals) is greater than the ionization potential 
of caesium (89 kcals) so that in the change of caesium and fluorine atoms 
into ions, a small liberation of energy, amounting to 6 kcals, occurs. 

Apart from the difference in the bond energy, other criteria, both direct 
and indirect, exist between the two different types of bond. Ionic molecules 
in the solid state form an ionic crystal lattice which is characteristic for the 
particular molecule. In such a lattice, each ion is surrounded by ions of 
opposite charge at equal distances from the central ion and individual 
molecules cease to exist. The number of ions packed round the central ion 
is limited by the size of the ions, the attraction and repulsion energies 
between the ions and other factors. The links of the central ion with its 
nearest neighbours are all of the same strength and the number of such 
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nearest neighbours is not controlled in any way by the valency of the 
central atom. Covalent substances in the solid state form molecular 
lattices, formed by packing the molecules together to produce the most 
stable structure. ‘The forces holding the molecules together in the crystal 
lattice are van der Waal’s forces, which are weak and diminish rapidly 
with distance from the molecule. When an ionic compound passes from 
the solid to the gascous state, ionic bonds are broken and the heat of subli- 
mation of ionic crystals is therefore very high; for salts of the sodium 
chloride type the value is between 50 and 60 kcals. For molecular com- 
pounds, the heat of sublimation 1s much lower, about 10 kcals, because the 
farces being overcome are very much weaker. For the same reason ionic 
compounds melt at high temperatures whereas typical simple homopolar 
substances, such as H,, Cl, and N,, are gaseous at room temperature. 

The dissociation of gaseous molecules into ions and the process of 
electrolytic dissociation in water also frequently suggest the ionic character 
of a bond. Each case must, however, be examined carefully as exceptions 
occur. Thus although hydrogen chloride dissolves in water to form 
hydrogen and chloride tons, it is not an ionic molecule ; owing to the 
afhnity of the water molecule for a proton (180 kcals), a chemical reaction 
takes place between a molecule of hydrogen chloride and a molecule of 
water with the formation of hydrogen H,O+ and chloride Cl- ions. In 
the same way it 1s not always correct to determine the nature of a chemical 
bond by the products of dissociation of the gaseous molecules, 1.e. whether 
it dissociates into atoms or ions. Instances are known where at distances 
of 2 to 3A, the energy of the heteropolar bond is greater than that of the 
covalent bond and the link is primarily ionic, but that at greater distances 
the electrostatic interaction is small and does not compensate for the 
difference between the ionization potential and electron affinity of the two 
atoms ; because of this possibility, an ionic molecule may dissociate into 
atoms. 

The nature of the bond in a molecule will determine whether or not 
there 1s a permanent electric dipole moment. An electric dipole exists 
wherever the centres of gravity of the positive and negative charges in a 
molecule are at different points. The magnitude ofthis dipole is measured 
in terms of the dipole moment p» defined by 


p= er .... (6.11) 


where ¢ represents the charge, positive and negative, on the two parts of 
the molecule and r is the distance between the centres of charge. Ina 
true covalent molecule the dipole 7,5), yxy. Dipole Moments of Jonic Molecules 
moment is zero ; polarization of a 
covalent molecule occurs, however, 
whenever it is placed inan electric 
field, but the resulting dipole is ——— 
induced and is not a permanent KCl | 80 
property of the molecule in the or me QOd 
absence of an applied field. On ae 
the other hand, an ionic molecule 

is strongly polar ; in the limiting case, the positive and negative charges 
are focused at the centres of the ions. Under these conditions, the dipole 
moment will have a valuc of g to 12 X 107'8 e.s.u, since the electronic 
charge 1s approximately 4:8 X 107!%e.s.u and the interionic distance 
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between 2 and 3A. This value is in agreement with the experimental 
data (Table XXV) determined by the molecular beam method. 


BONDS OF INTERMEDIATE TYPE 


In a very large number of compounds the chemical bond cannot be con- 
sidered as purely ionic or purely covalent ; the dipole moments of such 
bonds are greater than zero but considerably less than the values given 
in Table XXV. ‘Typical examples of such bonds are HF, HCl, HBr, 
HI, NH, OH, CCl etc. If the experimental values for the bond energies 
of the hydrogen halides are compared with those calculated by the 
Pauling’s method it is found (Table XXVI) that for HI the calculated 
value is greater than the experimental. Such a result is clearly im- 
possible since, because of resonance which was not taken into account 


Table XXVI. Bond Energies of Hydrogen Halides in the calculation, the experimental 
——_ svalue should always be the greater. 


Molecule Ruse, | E observed A similar result occurs with the hy- 

(kcals) | (cals) drides of the alkali metals. In order 

———_——— to overcome this difficulty Pauling 

HF 84 | 147 ‘suggested that the geometric mean 

oe * | "83 of the covalent bond energies 
HI 69 | 63 should be taken : 

| ! Fg OB a aollGa2) 


in place of the arithmetic mean (equation 6.1). The calculated value of 
the bond energy of hydrogen iodide then becomes 60 kcals, i.e. below the 
experimental value ; in a similar way satisfactory values for the hydrides 
of the alkali metals are obtained. Although the calculated values are, in 
general, more acceptable in these particular cases, the difference between 
values calculated by the two methods are not significantly different. In 
the series of compounds HF, HCl, HBr and HI the divergence between 
calculated and observed values is least with HI and greatest with HF and 
Pauling considers that the magnitude of the difference between the two 
values is a measure of the deviation of the bond from true covalency. 

The idea that a link, such as that which occurs in hydrogen chloride, is 
of an intermediate type is not new; Fajans, Lewis and Sipcwick all 
considered that there existed an uninterrupted change of bond type from 
a pure covalent bond on the one hand to a pure ionic bond on the other. 
Such an intermediate type of bond may be considered as an ionic bond 
which has been polarized, i.e. the electron cloud of the anion has been 
displaced towards the cation by electrostatic attraction, and the suggestion 
has been made that the bond could be described in terms of electrostatic 
theory. In a nonpolarized anion the centre of gravity of the negative 
charge is coincident with the nucleus ; the field due to the cation, however, 
produces a displacement of this negative charge in the direction of the 
cation thus inducing in the anion a dipole moment acting in the reverse 
direction to the original dipole. The resulting dipole moment of the 
molecule is thus less than that given, by the product er. 

The magnitude of the dipole moment m induced by a field of unit 
strength is termed the polarizability a of the molecule - 


m= aF .... (6.13) 
where F is the electric field. Attempts to calculate the induced polarization 
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using equation 6.13 and thus to calculate the encigy and dipole 
moment of the bond have, in general, failed owing to the use of the molar 
refractivity R to calculate a. Vhe relationship between a and & is given 
by the Lorentz-Lorenz equation : 


n?—1 M .... (6.14) 
ne+t2 d 

where Jf the molecular weight, NV the Avagadro number, n the refractive 
index and d the specific gravity. The inaccuracy of this assumption has 
been demonstrated by Desye® in the following way. In the hydrogen 
chloride molecule the internuclear distance is 1-27 A and if the bond were 
entircly ionic in character, the dipole moment would be : 


p=er = 48 x 107 x 1-27 x 1073 = 6-06 x 10-8 e.s.u 


as compared with the expcrimental value of 1:03 x 1078 e.s.u 


The field due to the proton is given by 


in: ; eee 


== efr* ...- (6.15) 
and this induces in the chloride ion a moment acting in the reverse direction : 
m = aF = ae/r* ...- (6.16) 

and the total moment is then given by, 
p= er — m = er(1 — alr?) eat Oel 7) 


The refractivity of the chloride ion is R = 8-45 cc and hence by equation 
6.14, a = 3-22 x 10-*4cc. Substitution of this value of a in equation 
6.17 and putting r = 1:27 x 10-8 cc gives : 


= 6:06 x 10-18 (1 — 1:63) = — 3:8 x 107 e.s.u 


The calculated moment thus considerably exceeds the experimental value 
and furthermore represents the dipole as acting in the opposite direction: 
the chlorine is represented as positive and the hydrogen negative. This 
result is clearly incorrect and Debye has shown that the error is due to the 
fact that the Lorentz-Lorenz equation is not valid at the small distances 
considered owing to the non-uniform character of the field. If the inter- 
nuclear distances were of the order of 5 A, this type of calculation would 
be permissible. Attempts have been made to calculate the polarizability 
in a non-uniform electric field by the methods of wave mechanics’, but 
have not yet been successful in producing a theory of the intermediate type 
of bond. 

A different approach to this problem has been made by Pauling? ‘. If 
each of two atoms forming a bond have a single valency electron, it is 
theoretically possible for either a covalent or an ionic bond to be formed. 
In the first case the electrons are localized and both electrons move in the 
field of both nuclei, in the second case an electron is transferred from one 
atom to the other and both electrons move in the field of one nucleus. If 
the energy of one type of bond is very much greater than that of the other, 
then that form which has the higher energy will determine the nature of 
the bond and in the extreme case, the bond will be either entirely ionic or 
entirely covalent. However, when the energies of the two bond types are 
closer together, but not necessarily equal, both forms will contribute to the 
final state of the molecule and the bond will be a resonance hybrid of the 
covalent and ionic forms, the molecule being stabilized by the resonance 
energy. ‘There is no difference between the resonance described here and 
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that discussed in connection with the structure of benzene, which happens 
to be a particular case, in that the two Kekulé structures are both covalent 
and have the same energy. When the two forms possess different energies, 
that with the greater energy is the more probable and contributes more to 
the final state of the molecule. Even in molecules such as sodium chloride 
there is present, in addition to the ionic bond, a covalent bond, although 
its energy is so small that it.1s generally ignored. The resonance between 
the two forms, however, may be the explanation of the fact that the experi- 
mental values of the bond energy are greatcr than the values calculated on 
the assumption of an ionic bond for molecules of the sodium chloride type 
(Table XXIV). 

The resonance between the covalent and ionic bond structures of a 
molecule produces, by the superposition of the electron clouds of the ionic 
bond and of the covalent bond, a transitional electron cloud. This is 
discussed below in terms of wave mechanics. The electron cloud of the 
bond, however, will of course be continuous and the splitting into com- 
ponent parts, which this method of treatment has incurred, is the direct 
result of the attempt to describe a complex chemical bond in terms 
of two simpler types of bonds which may be represented by classical 
structural symbols. 

If the covalent state of the molecule is described by the function %, and 
the ionic state by %;, then the intermediate state of the molecule may be 
described by the linear combination of these two wave functions : 


ub = 61, + Co; cee . (6.18) 
where the coefficients ¢, and c, determine the contribution of the two 
states to the molecule and the ratio c,/c, will be such as to make the bond 
energy a maximum for the particular set of molecular parameters (e.g. the 
relative electronegativities of the participating molecules) pertaining to this 
molecule. The wave function for the covalent bond (see Chapter’ 3) is 


given by 
bo = Pa(1)fo(2) + $5(1) pa(2) ..+.(6.19) 
and that for the ionic bond by 
Y; = po(1) po(2) .. ++ (6,20) 


which infers that both electrons are located at nucleus a (a refers to the 
nucleus of atom A and 6 to the nucleus of atom B). Substitution of equations 
6.19 and 6.20 in 6.18 gives the wave function of the molecule : 
Yb = Che + Coy = C1 { Poll) po(2) + Po(1) bal) } + Coal) ¥ol2 6 
6.21 
The expression for the electron cloud of the molecule will be ee by 
squaring the expression 6.21, viz, 
BP = 04° { PaP(1)ber(2) + Yo2(1) a(2) F 2rha(1) sbo(1) Hal 2) ¥e(2) } + 
+ ea? ba?(1) fa2(2) + 2eyC9 { Yo™(1) fa(2) fo(2)  Pa?(2) Ha(1) Ho 


This expression is composed of three parts, first the terms representing 
the electron cloud in a covalent molecule (equation 3.99) : 


Yo?(1) fy2(2) + o?(1) fo2(2) + 2yo( 1) os ( 1) pa(2) o5(2) 
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secondly, the term representing the electron cloud when both electrons are 
located at nucleus a, I.¢. an ionic structure : 


pe?(1) p,2(2) ....(6.22b) 
and thirdly, the transitional electron cloud : 
Po7(1) po(2) Po(2) + Ya7(2)Wo(1) Yo(1) » ++ -(6.22¢, 


In the transitional structure one electron is located at the nucleus, (%,7(1), 
and the second electron gives an elliptical cloud ¥ 5 (see equation 3.61 
et seg). The latter term is identical with that obtained for the hydrogen 
molecule ion and we may therefore conclude that the transitional electron 
cloud represents a state in which one electron is located at one atom, 
whilst the second electron forms a single electron bond. The second terin 
in equation 6.22c occurs as a result of the exchange of the positions of the 
electrons. Only one nucleus appears in expression 6.22c wz a; this refers 
to the more electronegative of the atoms forming the bond. The complete 
electron cloud of the diatomic molecule may thus be conceived as elliptical 
in shape with the maximum density not occurring midway between the 
nuclei as in a true covalent bond, but nearer to one atom than the other. 
The greater the ionic character of the bond, the greater is the shift of the 
position of maximum density towards the more electronegative atom. 

In the above discussion we have considered that the bond between two 
atoms A and B may be described as a resonance hybrid of the covalent 
A—B and ionic A7~ B+ structures. Theoretically we should also consider 
the alternative ionic structure A+ B- and resonance between the three 
structures would further increase the energy of the bond. In general, 
however, the second ionic state is so improbable as to contribute little 
stability to the molecule. Thus for example, it will be appreciated readily 
that the state Na~ Clt+ or H~ Clt are most improbable and do not play a 
part in determining the behaviour of the molecules. The contribution of 
such states to the resonance of the molecule is, therefore, in ge1.eral neglected. 


VALENCY STRUCTURES OF THE ELEMENTS 


In order to apply the resonance theory of the transitional type of bond it is 
necessary to reconsider the electronic states of the atoms of the elements 
and to consider the valence bond structures of certain of their compounds, 
which may make an appreciable contribution to the state of the molecule. 

The number of covalent bonds which a given atem can make ts deter- 
mined by the number of unpaired electrons. The loss or gain of an 
electron converts a neutral atom into a positive or negative ion and we 
shall consider two types of ions : 

a Ions having no unpaired electrons. Ions of this type generally possess 
an inert gas electronic structure, e.g. H-, Lit, Be?+, O2-, F-, Nat, Mg**, 
S?-, Cl- etc. The interaction of such ions generally leads to ionic com- 
pounds since in the absence of unpaired electrons covalent bonds cannot be 
formed. 

6 Ions containing unpaired electrons, ¢.g. O-, N-, Ct, C-, Bt, Bo etc. 
The role of such ions in molecules is extremely important since they may 
take part in both ionic and covalent bond formation and it is most signi- 
ficant that the number of covalent bonds made by such ions may be greater 
than in the original neutral atom. The formation of the ion from the 
neutral molecule will be accompanied by the loss of energy ; nevertheless 
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this will be compensated for by the resulting Coulombic interaction, by 
the formation of covalent bonds, and by the possibility of resonance between 
the ionic and covalent structures. 

In the following discussion, the terms mono- di— and trivalent will be 
used to denote the presence of one, two or three unpaired electrons 
respectively. Defined in this way the valency represents the maximum 
number of covalent bonds in which a particular element can partake. The 
number of elementary charges on an ion will be termed the ‘ chargeability ’. 
Thus there are, for example, singly, doubly, and triply charged positive 
and negative ions. 

Such a definition of terms is necessary in order to avoid confusion of 
meaning. For example, reference is often made to the trivalent ion 
of aluminium. If by this it is meant that the aluminium ion is forming 
three covalent bonds, then the statement is correct and the aluminium ion 
is trivalent ; but if, however, the statement is meant to denote the fact 
that aluminium has lost three electrons, then it is a triply charged ion and 
not trivalent since its electronic configuration will be that of an inert gas 
and it will have no unpaired electrons. The correct description of aluminium 
in this case is that it is a triply charged, zerovalent ion. The necessity for 
this careful definition of valency will become apparent in the following 
discussion, where it will often be necessary to refer simultaneously to the 
charge and covalency of an ion. 

We shall now discuss the ionic states of various atoms : 

Hydrogen 1s—In addition to the homopolar monovalent state 15, two 
ionic forms of hydrogen are possible, Ht and H-. The former corresponds 
to the positive singly charged and zerovalent ion. The latter is formed 
when an electron is acquired by a hydrogen atom and occupies the second 
position in the 1s orbital. The negative hydrogen ion therefore possesses 
a helium like 15° shell and is therefore zerovalent. The reaction between 
a hydrogen atom and an electron is exothermic, 4H being — 16-4 kcals. 
The hydrogen ion, H-, occurs in the ionic states of certain hydrides, thus 
in lithium hydride, for example, resonance occurs between the states Li-H 
and Lit H-. 

Helium 1s?—The two electrons are paired in the 1s? shell and as a 
consequence helium is zerovalent. The loss of one electron converts helium 
into a monovalent, singly charged positive ion Het, with a single electron 
in the 1s orbit. The ionization potential is, however, very high, being 
564 kcals, and neither the formation of a covalent bond nor electrostatic 
interaction with a negative ion would compensate for such a loss of energy. 
The maximum energies of these two types of bonds is approximately 
100 kcals and 200 kcals respectively. An additional electron would have 
to be accommodated in the 2s orbital, and hence the formation of the 
monovalent negative ion He- (15%2s) is strongly endothermic. 

Lithium 1s?2s—The neutral atom is monovalent and on the loss of one 
electron the zerovalent singly charged positive ion Lit is formed. The 
formation of a negative ion Li- is theoretically possible, this would have 
the electronic configuration 152252 and would thus be zerovalent. Such an 
ion could only be of importance in compounds with more electropositive 
substances e.g. LiCs, but in molecules such as lithium hydride the con- 
tribution to the resonance of the molecule of the form Li~ H+ may be 
considered as negligible. 
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Beryllium 15*257— The atom of beryllium forms two positive ionic states, 
the monovalent singly charged Bet 1s¢25 and the zerovalent, doubly 
charged Be?* 157.) Vhe ionization potential in the latter is very much 
greater than in the former and therefore the singly charged ion must play 
a large part in the compounds of beryllium. In BeCl,, in addition to the 
covalent structure 

Cl — Be — Cl 


formed by beryllium in the fs?2s2p state, two ionic forms are possible 
involving the monovalent singly charged ion : 
Cl- Be+t—Cl and Cl—Bet Cl- 
and one ionic form involving the doubly charged zerovalent ion : 
Cl- Be?t+Cl- 
The contribution of this form to the resonance of the molecule, however, 
will be small. 

The singly charged negative ion of beryllium may be either mono or 
trivalent : Be~ 15°2572p or Be7 15°252p? respectively. 

Boron 1s*25*2— On the loss of one electron boron may form a zero- 
valent 1s*25" or divalent 1s*2s2p singly charged positive ion. The 
formation of the divalent ion requires not only the energy necessary to 
expel the electron, the ionization potential, but also the excitation energy 
necessary to transfer one 15 electron, to a 2p state viz 15725%—> 157252) 
(compare with the corresponding excitation of the monovalent neutral 
atom to the trivalent state, discussed in Chapter 2). The doubly charged 
positive ion of boron, B*+ 15°25 is monovalent and the triply charged 
positive ion B3* is zerovalent and in view of the high ionization potential 
involved, is unlikely to make an appreciable contribution to the structure 
of boron compounds. 

Boron trichloride will be a resonance hybrid of the following structures 


Cl Cl Cl Cl- 
or XS 
B Bt 


by ci 


covalent ionic 


There will be three ionic structures, since the ionic bond can occur in each 
of the three boron-chlorine links, and the negative charge is therefore not 
located on any one chlorine atom but shared equally among all three. 
The existence of the three equivalent structures amongst which resonance 
occurs increases the stability of the molecule compared with the case 
where the negative charge is located at one atom. 

The contribution of the forms 


Gl (Cle Cl]. sel 
B2+ B3+ 
‘ Cl- 
three structures one structure 


will be very small. 

When boron gains an electron it becomes a carbon-like tetravalent ion 
1s*252p% with a single negative charge. As in carbon the four valencies 
are directed towards the corners of a tetrahedron. This electronic structure 
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occurs in hydrofluoroboric acid [H+ (BF,)~]), in which the BF,~ ion exists 
as a resonance hybrid of the following valence bond structures 


FF F- F F- F- 
\ 7 a 

B- B Bt 
a, JN pos 
FF F  F F  F 


one structure four structures Six Structures 
F- F- F- f= 
B2t+ Bet 
F- F F~- E> 
four structures one structure 
(contribution small) (contribution very small) 


Esters of boric acid, B(OC,H;), dissolve in ethyl alcohol forming an 
acid. The reaction which takes place may be represented as follows : 
B(OC,H;), + 2C,H,OH = B-(OC,H;), + C,H,OH,* 
The structure of the negative ion 
C,H;O OC,H; 
\ 7 


B- 


yo 
| C,H;O OC,H; 
may be represented by a similar series of structures to those given above 
for BF, and as in that case, the negative charge is not localized in the 
boron atom but shared with the oxygen atoms. 
The problem of the structure of the boron hydrides will be considered 
in Chapter 15. 
Oxygen 15225?2p4—- The neutral atom has two unpaired p electrons and 
is therefore divalent. The gain of an electron gives a singly charged 


monovalent negative 1on, 
oe ‘ 
25 2p 
and the loss of an electron yields a singly charged trivalent positive 1on, 
o 
25 2p 
In the positive ion it will be noticed that a monovalent configuration 1s 


possible: 
Orltltls || 
25 2p 


but in the ion, as in the molecule, that state is preferred which gives the 
maximum possible number of unpaired electrons. Both of these singly 
charged ions occur in molecules containing oxygen. The doubly charged 
negative ion, having a neon electronic configuration, is zerovalent ; its 
formation, however, is highly endothermic. 


Ito 


RESONANCE OF COVALENT AND IONIC STATES 


Four structures exist for the molecule of water : 
O O- O2- 
H H Ht H Ht Ht 
two structures 
the importance of the last structure containing a doubly charged ncgative 
oxygen ion is very small. Similar structures exist in organic compounds 
containing oxygen ¢.g. 


O O- O- 
7s / \ 
R H R H+ Rt H 
and 
O O- O- 
oN ye \ 
R R R R+ Rt+ R 


Trivalent positive oxygen is present in oxonium compounds ; water, for 
example, possesses an affinity for a proton amounting to 180 kcals and 
thus the hydrogen ion H,O+* has the following structures : 


H H Ht H Ht Ht 
\ 7 / 
Ot O O- 
| | | 
H H H 
three structures three structures 


The energy of formation of water from oxygen and hydrogen atoms is 
220 kcals. This value will be equivalent to the bond energies of two O—H 
bonds so that the bond energy of the hydroxyl link is tro kcals. On the 
addition of a proton to water there is a further gain of 180 kcals, so that 
in the ion H,O+, 400 kcals is shared between three O—H bonds; the 
hydroxyl bond energy in the ion is thus 133 kcals. It is therefore evident 
that the transition from H,O to H,O?+ has caused a strengthening of each 
bond and this fact is one of the causes of complex formation, hydration 
and the dissociation of such acids as hydrogen chloride in water. 

It was suggested by FRrEDEL and by Cowie and TICKLE that the com- 
pound formed by the addition of hydrogen chloride to an ether has the 
structure : 

H,G H 


O 
fe~s 
H,C Cl 


However, oxygen can be electrically neutral and tetravalent only in the 
case when one 2/ electron is excited to the 3s state : 


25 2p 35 


The energy required for this excitation is 273 kcals and is sufficiently large 
to make the resulting atomic state improbable. Spectroscopic investi- 
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gation® of (CH,), OHC! has confirmed that tetravalent oxygen does not 
take part in the structure. For a similar reason the tetravalent doubly 


charged positive ion, Or 


25 2p 


is unlikely to contribute to the structure of molecules containing oxygen, 
as the energy required to remove one s and one / electron from the ground 
state is greater than 1,360 kcals. 

Carbon 15*2s*2p*— Both negative and positive ions of carbon may play a 
part in the structures of carbon compounds. The gain of an electron gives 
the singly charged negative trivalent ion, 


o 
25 2p 
whereas the loss of an electron leads to a singly charged positive trivalent ion : 
Clytyiy] 
25 2p 


The latter ion occurs in the structures of compounds of the type, CCl, 


CHCl, : c- «a ck- oH 
ae a 
qos x S 

Cl Cl Cl Cl 

Sour structures three structures 


and (R,)CO: R 
So O- 
R 


and these ionic structures resonate with the corresponding covalent forms. 
The former negative ion occurs in compounds such as CH,Li and C,H,Na : 
H Lit H H 


C= 
yes I. 
H H 
Multiply charged carbon ions are not likely to be of significance in the 
structure of carbon compounds because of the high value of the second 
ionization potential. 


In addition to the states described above, an electrically-neutral divalent 
state and a singly charged positive monovalent ion can occur : 


clt]y iy] cle | 
25 2p 25 2p 


which exist with other forms in the structures of carbon monoxide, 
C=O C+—O- C-=O+ 
a b C 
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The triple bond in the third structure ¢ is formed by the transfer of onc 
p electron from the oxygen atom, in which it is paired, to the vacant fp 
orbital in carbon, thus producing two ions with identical electronic 


- 
23 2p 2s 2p 


structure capable of forming the three covalent bonds. Thus the transfer 
of an electron from one atom to the other has produced, in addition to 
the Coulombic attraction between the ions, an additional covalent bond. 
Such bonds have from time to time been given special names, e.g. semi- 
polar, dative or coordinate, and have been represented in structure formulae 


by an arrow, riz C- == O+ showing the direction of electron transfer. In 
view of the fact that such bonds utilize no new binding force, such names 
now appear unnecessary. 

The bond energy of the carbon monoxide molecule, 210 keals, is the 
greatest for any diatomic molecule ; the bond energy of the nitrogen 
molecule N,, in which the two nitrogen atoms are joined by three covalent 
bonds, is only 170 kcals. This high bond energy is due to the considerable 
resonance between the three structures a, 6 and c. The dipole moment 
of carbon monoxide is very small, which indicates that the contribution of 
the two ionic forms 6 and ¢ will be almost equal. This fact brings out the 
essential difference between resonance and tautomerism, both the struc- 
tures 6 and ¢ may be used to describe the molecule and contribute to the 
resultant structure of the molecule, but if carbon monoxide were a tauto- 
meric mixture rather than a resonance hybrid of the structures a, 6 and ¢ 
then the experimental dipole moment would be high (about 5 X 107}8 e.s.u) 
since the two tautomeric forms 6 and ¢ would be capable of orienting 
independently in the applied field. 

Similar structures to those given for carbon monoxide are proposed for 
diethoxymethylene, which is formed by the dissociation of tetraethoxy- 
ethylene. The molecule is stabilized by resonance between a structure 
containing divalent carbon J and one containing a singly charged, negative, 
trivalent carbon atom and a singly charged, positive trivalent oxygen 


atom J] 
C,H;O C,H,O+ 
\ 


C C- 
/ / 
C,H,O C,H,O 
I IT 


two structures 


In carbon dioxide there exist in addition to the homopolar structure : 


O=C=O 
four ionic structures : 
O =Ct—O- O-—Ct=O 
OF =C—O- O-—C=Ot 


The last two structures play a significant part, causing the raising of the 
bond energy and a reduction of the interatomic distances. In a similar 
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way, in carbon suboxide C3O,, resonance occurs between the following 
five structures : 
O=C=C=C=O 
O=C=C=Ct—O- O-—Ct=C=C=O 
O-—C=C—C =Or O+=C—C=C—O- 

Nitrogen 15*25*2p3—In addition to the electrically neutral trivalent 
structure /, a singly charged, negative divalent ion IJ anda singly charged, 
positive, tetravalent ion J/J are important in the valence bond structures 
of nitrogen compounds. 


. - * 
Qs 2p 25 2p Qs 2p 
f II It 


The doubly and triply charged negative ions JV and V which are mono- 
and zerovalent respectively are much less probable structures. 


Qs 2p 25 2p 


Iv V 
The tetravalent, positive ion [JJ has been recognized for some time as it 
occurs in the ammonium ion +NH, and in the tetraalkyl ammonium salts 
e.g. (C3H;),N*+I-. The other forms are now known to make a contribution 
to the structures of many nitrogen containing compounds. Thus the follow- 
ing may be considered to be the structures of ammonia, 


H H H+ H Ht Ht Ht Ht 
SF 7 
N -N N2- N3- 
| | | 
H H H Ht 
one Structure three structures three structures one Structure 


although the first two occur with the greatest weights. Similar ionic 
structures occur in the amines : 


H H+ H 
va 
R—CH,—N R—CH,—N- R—+CH, -N 
\ 
H H H 


two Structures 


Compounds of the type NH,-halogen are very stable because in the 
process of conversion of nitrogen to the tetravalent state, an additional 
covalent bond is formed and the energy of the molecule is increased by 
the difference between the electron affinity of the halogen together with the 
Coulombic energy of the ionic bond between +NH, and the halogen ion 
and the ionization potential of ammonia. It is noteworthy in this respect 
that nitrogen, like boron, tends to assume a tetravalency of the carbon 
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type. This occurs in nitrogen by the loss of an electron to form a positive 
ion and in boron by the gain of an electron to form a negative ion, e.g. 
BH,-. Furthermore as in the case of tetravalent carbon, the four bonds 
in > Nt < are sp* hybrid bonds of equal energy and directed tetrahedrally. 
That the four N—H bonds in *NH, are each stronger than the N—H bond 
in NHg may be shown in the following way. We have the following 
reactions : 


N = iN, 4H = — 8s&kcals 
3H = 3H, 4H = — 154-5 kcals 
iN, + $H, = NH, 4H = — ll kcals 
and hence on summation, 
N + 3H = NH, 4H = — 250-5 kcals 


and hence the bond energy of an N—H bond in ammonia is 83°5 kcals. 
For the formation of the ammonium ion from ammonia we have 


NH, + tH = *NH, 4H = ~ 206 kcals 


and consequently the heat of formation of the ion *NH, from N, 3H and 
Ht is 456-5 kcals. The energy of each N—H bond 1s thus 152 kcals, very 
much greater than the N—H bond in ammonia. 

In order to form pentavalent nitrogen it would be necessary to raise the 
2s electron to the 3s state, a process requiring considerable excitation 
energy. It is not therefore surprising that in all molecules where five 
homopolar valencies are ascribed to nitrogen, a large dipole moment is 
observed. Thus, for example, the nitro group has a dipole moment of 
3°54 < 107!8 e.s.u and in the amine oxides the moment is approximately 
5 x 1078 e.s.u. This fact would agree with the theory that the nitrogen 
is in the singly charged, positive, tetravalent form in this compound : 


O- R, 
We 
R—N*+ R,—N+—O- 
\ 
O R, 


two structures 
This view is substantiated by the work of MEISENHEIMER who showed that 
in the amino-oxyhydrates : 


R,—N+—OH OH- 


the two hydroxyl groups have different properties, one being ionic whereas 
the other is covalently linked to nitrogen. Additional evidence arises from 
the reaction between the sodium salt of diphenvlamine and tetramethyl- 
ammonium iodide; the product, diphenylaminotetramethylammonium, 
has the properties of a salt and therefore has the structure : 


[ N+(CH3), ]( N~(GeH5)2 J 
in which there is a singly charged, positive, tetravalent nitrogen and a 
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singly charged, negative, nitrogen instead of one pentavalent and one 
trivalent nitrogen atom joined by a covalent bond. 

When positive, tetravalent nitrogen is bonded to three atoms, a double 
bond is formed with one of these atoms. In this case, as with carbon, 
the o bonds lie in one plane with an angle of 120° between them (sp? 
hybridization) and the 7 bond is perpendicular to this plane. Thus, for 
example, the nitrate ion has the structure : 


O- 


Pa 
O=—Nt 
O ‘wim 
three structures 


and the nitro group the structure : 
O 
Va 
R—Nt 
\ 
O- 
two structures 
as suggested above. Experimental data confirm this configuration, the 
O 


value for the N angle in the nitrate ion being 120°, and in the nitro 


O 
group 127°. The larger value in the latter case is evidently caused by the 
repulsion of the two negatively charged oxygen atoms. 
Hydrazoic acid HN, is stabilized by resonance between the structures : 


H—N=Nt=N- 
|H—N-—Nt+=N 
Ht N-=Nt=N- 


in which the three atoms of nitrogen are linear (sp hybridization, as in 
acetylene and allene). The third structure, containing a positively charged 
hydrogen possesses considerable stability owing to the Coulombic attraction 
between the alternating charges. The large contribution of this structure 
to the molecule explains the acidic properties of HNg. 

For the free radical, diphenyl nitric oxide, the presence of a neutral 
tetravalent nitrogen has been suggested (J). It will be clear 


O O- O 
| | | 
N Nt N 
Va 
/ 
I I Il 
twelve structures four structures 
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from a consideration of the electron configuration of singly charged, positive, 


tetravalent nitrogen : 
Y 
2p 


25 


that nitrogen in the tetravalent state cannot be electrically neutral. The 
structure of the radical will therefore be a resonance hybrid of structures 
f] and J/I in which the nitrogen is tetravalent, positive and trivalent, 
neutral, respectively. 

The possibility of boron and nitrogen existing in similar valency states 
leads to the formation of a series of compounds, one of which, ByN,Hg, has 
a hexagonal type of structure. For this compound, in addition to the 
structure in which both boron and nitrogen are trivalent : 


H 


two ionic forms are possible in which the nitrogen is positively charged 
and tetravalent and the boron negatively charged and tetravalent. The 
two forms are analogous to the Kekulé structures of benzene : 


i i 
H 4 H H B- H 
KH NZ Ne NS 
N+ N+ N+ Nt 
4h. bb 
7 \ 7 a daa 
H N+ H H Nt H 
i i 


In this molecule the B—N distance is found to be 1-44 A, which is con- 
siderably less than a normal covalent bond bctween nitrogen and boron 
(1-58 A), thus indicating a considerable contribution from the two Kekulé 
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structures. ‘The molecule B,O,(CH,), has a rather different structure‘®, 
CH, 
b 

io 


B B 
ff “X, 
H,C O CH, 
since although the ring is planar, the B—O—B angle is 110° and the 
O—B—O angle 130°. In this molecule also, structures analogous to the 
Kekulé structures are possible, but probably contribute less to the final 
state of the molecule than in the corresponding nitrogen compound. The 

reason for the apparently anomalous values for the valency angle 


CH, CH, 
b- b- 
el eas sil Mes 
Lt ; * 
Hj” Not ‘cH, HC Nof ‘oH, 


is that with oxygen in the normal divalent state and in the positively 
charged trivalent state, the bonding electrons are f electrons, which tend 
to make bonds at an angle of 90° to each other and not at 120°. 


: a 
25 2p 25 2p 


Fluorine 15?25°2p°— Fluorine may be used to illustrate the main valence 
states of the halogens. The halogens may exist in three different valence 
states of which the monovalent, neutral atom J, the singly charged, negative, 
zerovalent ion JI are well known ; in addition, however, there is a third 
possibility a singly charged, positive, divalent ion //1. 


Hal ial Hal* 
25 2p 25 2p 2p 


25 


rf Il Wl 


The first two valence states are present in all X—halogen bonds, e.g. H—C! 
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and H+ Cl-. The third form occurs where a double or triple bond occurs 
adjacent to a X—halogen bond. For the molecule 


H 
CH,=C for example, there exist the following possible structures : 
Cl 
H H H 
/ / 
CH,=C CH,=Ct -CH,—C 
\ 
Cl Cl- Clt+ 


The contribution from the last form, however, will be small. A similar 
series of structures occurs in chlorobenzene although in this case additional 
structures are possible in view of the resonance of the benzene ring. 


Cl Cl- C+ Cl+ Cit 
. | 
eo 0) 
\ "A 
IV V VI a VIL 


Of these structures, /V and V have the greatest weight, the contribution of 
VI, VII and VIII being small. The contribution of such states having a 
positive halogen atom will, however, increase in the series F, Cl, Br, I. It 
must be emphasized that when it is stated that structures VJ, VIJ and VIII 
contribute to the state of the molecule, it does not infer that there exists 
a positively charged atom of chlorine in the molecule ; the effect of the 
contribution of such structures will be to reduce the negative character of 
the chlorine atom. This also occurs in the case of oxygen containing 
compounds, ¢.g. furan, in which together with the covalent structure LX, 


there will be a contribution from the ionic states with a negative charge on 
the oxygen atom : 


HC—CH HC—CH 
4 ‘ ~ N 
HC+ J H HC +CH 
-O re 
X XI 


and from structures containing the singly charged, positive, trivalent 
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oxygen ion, which are possible owing to the presence of the conjugated 
system of double bonds. 


oma HC=CH HC—CH HC—CH 

HC CH- He ‘cH He ‘tH He ‘ou 
ad ‘at aed \o7 
All XIII AIV AV 


The contribution of structures XJ/ to XV to the molecular resonance will 
reduce the negative charge on the oxygen atom. 

Molecular Resonance— ‘The examples of resonance structures which have 
just been discussed indicate that it is necessary to distinguish between two 
types of resonance involving ionic states : molecular and bond resonance. 
In the case of bond resonance, valence bond structures exist which possess 
covalent and ionic forms of one single bond between two atoms e.g. resonance 
between O—H and O- Ht H,C=O and H,C+t—O-, H—F and H+ F-. 
Here it should be noticed that the charges occur on neighbouring atoms, 
but in molecular resonance the charged atoms are separated by one 
or more neutral atoms. The importance of differentiating between the 
two forms lies in the fact that molecular resonance produces changes in 
the valency states of the intermediate atoms. The difference between the 
two types of resonance may be shown by considering the structures of 
urea, where in addition to the bond resonance forms XVI to XIX : 


‘oxo C+—O~ 
4 7 
H,N H,N 
XVI AVIT 
H,N- H+ 
Ct+=O N- 
SN 
HN’ H C=O 
Va 
H,N 
XVIII XIX 
two structures Sour structures 
there cxist also the molecular resonance forms XX and XX7/: 
H,N+ H+ 
\ N 
C—O- VIN 
Fe H C—O- 
H,N / 
H,N 
XX XXI 
two structures four structures 


In the bond resonance structure XVIJ the oxygen becomes negatively 
charged and monovalent because the carbon atom to which it is bonded 
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becomes positively charged and trivalent, whereas in the case of molecular 
resonance VX, the oxygen atom is also negatively charged, because the 
nitrogen atom with which it is not directly bonded, becomes positively 
charged and tetravalent ; in this valence-bond structure, the number of 
bonds formed by the carbon atom do not differ from that in the covalent 
form XV’ but are only located differently. Other examples of molecules 
in which molecular resonance occurs are phenol : 


H H H Ht Ht Hit 
/ / a 
+O +O +O 7 O O 
OO YO oO 
O ¢ O O y 4 
aniline : 
H H H H H H 
\ 4 \ 
Nt+ Nt Nt 


and nitrobenzene : 


O- O- O- O- O- Oo 
\ 7 SF Sf 
N+ N+ N+ 
VV 
+ 


Molecular resonance involving the atom of carbon plays an important part 
in organic compounds as the carbon atom may be either positively or 
negatively charged and trivalent. 

The most frequently encountered valence states of the elements of the second 


period oe summarized Valence States of Second Period Elements 

in’ the accompanying ? : 
diagram, in which the Li Be! B C N O , F 
charges and the number ie pees ae 
of homopolar  valencies 4+ | 
are indicated. On the 3 a 
loss of one electron the 

valencies of Li, Be, B and o- | 2 o+ 


CG are lowered by unity, 
whilst those of N, O and 
F are raised by unity. 
The addition of an elec- 
tron raises the valency of 
B by unity and lowers that of C, N, O and F. Carbon occupies a central 
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position in the table, possessing a maximum valency of four and in that 
valence state is electrically neutral. In carbon the ratio of the valency 
electrons to the total number of electrons in the atom is 4/6, which is 
greater than in any other element, excluding hydrogen which has only one 
electron. The presence of the three valency states of the neutral atom, o*, 
o®7 and o*7?, together with the ionic states, account for the great diversity 
of carbon compounds. 

The elements of subsequent periods of the periodic classification reveal 
certain similarities with the second period, but in addition further possible 
valency states exist. This is due first to the fact that with the increase of 
the principal quantum number the excitation energies decrease, thus the 
transfer from a 3p to a 45 state requires less energy than the excitation of 
a 2p electron to a 35 state, and secondly to the presence of the d orbitals. 

Sulphur 15725%2p°35?364— Sulphur, like oxygen, is divalent in the ground 
state since two of the 3 electrons are unpaired. On gaining an electron 
a singly charged negative, monovalent ion is produced : 


35 OP 


which exists in the valence bond structures of the thioethers, 


C,H,—S—C,H; CH,+CH, S-—C,H, 
and hydrogen sulphide, 
H—S—H H+ S-—H 


The doubly charged, zerovalent ion is much less important and the struc- 
ture H+ S?- H+ makes a very small contribution to the structure of the 
molecule. 

In many compounds, sulphur is shown as being tetravalent, but in order 
to produce tetravalent sulphur, it is necessary to unpair two 3/ electrons 
and transfer one to the 45 or a 3d orbital, which according to spectroscopic 
data requires excitation energies of 160 kcals and 200 kcals respectively. 
The electronic configuration of the sulphur atom would be : 


seldyiytyt Ty} settee tyd Tot TC 
35 3p 45 35 3p 3d 
It is not likely, therefore, that such valency states will make a large con- 
tribution to the valency state of sulphur, unless the molecule is stabilized 


in some other way. . 
The loss of one electron produces a positively charged trivalent ion: 


s+ 
35 3p 


which occurs in the structures of SO, and SO,?- in addition to the 
tetravalent form : 


O 
O=S=O \ A NF 
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The fact that sulphur dioxide possesses a dipole moment and is triangular 
in shape lends support to the view that the contribution of the tetravalent 
structure is very small. A direct indication of the existence of the positively 
charged trivalent state lies in the existence of the sulphonium compounds 
(R35)* Cl- which are formed readily from thioethers and alkyl! halides 
and behave in solution as strong electrolytes containing the (R,9)t ion. 

If sulphur were to readily form compounds in which the contribution 
of the tetravalent valence bond structure was considerable, it might be 
expected that such molecules as SH, and SR, would be formed by analogy 
with CH, and SiH,. The fact that such compounds do not exist infers 
that 1n compounds frequently shown as containing tetravalent sulphur, 
structures with trivalent singly charged positive sulphur make a large 
contribution to the resonance of the molecule. ‘Thus the sulphite ion 1s 
best represented by the structure : 


O- O- 


Ne 
St 


Fe 


in which three p electrons give a pyramid structure similar to that formed 
by the p orbitals of nitrogen in ammonia. This structure has been confirmed 
by x-ray data. Similarly in the SOC], molecule the main valence bond 
structures will be : 


Cl Cl Cl- 
a 4 
O-—St+ O=S+ O=S+ 
\ \ 
Cl Cl- Cl 


In order that sulphur may be hexavalent, it is necessary to unpair two 


pairs of electrons, one s and one p and excite one to a 3d orbital and the 
other to the 4s orbital, or alternatively both to the 3d state, a process 


which requires considerable excitation energy. Sulphur may, however, be 
doubly charged positive and tetravalent : 


St 
35 3p 


and it -s evident that in the sulphur trioxide molecule, in addition to the 
usual representation of the molecule involving hexacovalent sulphur : 


O 


O=S 
\ 
O 
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there are also three further structures of the type : 
O- 


O=S2+ 
O- 
Since the electronic state of the molecule in this case is similar to carbon, 
(sp), the SO, molecule will contain three o and one z bonds, and the 
molecule will be planar, the angle between the o bonds being 120°. The 
same electronic structure of sulphur wi!l occur in the sulphate ion in which 
the main structure will be 


O- O- 


vie 

S2+ 

a 
O- O 


in which the configuration will be tetrahedral since the bonds will be sp§ 
hybrid bonds. In SO,Cl,, in addition to the less probable hexavalent 
state of sulphur, the doubly charged positive, tetravalent state makes an 
important contribution : 


~—_ 


O Cl O Cl O- Cl O Cl- 
\ 7 NZ Sa \ 
S S2+ S2+ S2+ 
oe <i 7 Cl- ae ar Cl- 


four structures 
In sulphur hexafluoride in which the fluorine atoms are arranged octa- 
hedrally about a central sulphur atom it must be assumed that the main 
valence bond structure is, 


F- 
FY ae 
FF 

F- 


The charges are not localized on any particular pair of fluorine atoms and 
there are fifteen different valence bond structures, each bond thus being 
two thirds covalent and one third ionic. 

Phosphorus 1572s*2p°3sg p2—-The electronic structures of phosphorus 
reveal many similarities with those of nitrogen. The loss of an s electron 
leads to positively charged tetravalent phosphorus which occurs in the 
acids of phosphorus and in the phosphate ion. All these structures involve 


OH OH OH a 
| | | 
-O—+P—OH -O—+P—OH -O—+P—H -O—+P—O- 
| | | | 
OH H H O- 


sp? hybrid bonds and are therefore tetrahedral. The formation of penta- 
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valent phosphorus by the excitation of a 35 electron to a 45 state requires 
less energy than the corresponding transition in the case of nitrogen (25 to 
3s state) and therefore compounds such as the phosphorus pentahalides 
exist which have no nitrogen analogue. ‘The structure of this molecule is 
a trigonal bipyramid. The pentavalent form of phosphorus may also occur 
in the valence-bond structures of the acids e.g. 
OH 
O=P—OH 


| 
OH 


Trialkyl phosphines may be oxidized to the corresponding oxycompounds, 
which will evidently have the following structures : 


R R 
| | 
R—P=O R—P+—O- 
| | 
R R 


The decrease of the excitation energy required to form the pentavalent 
state of phosphorus as compared with nitrogen and its greater electro- 
positive character, explains the readiness with which the tertiary phosphines 
undergo addition reactions with chlorine and sulphur. 

Chlorine 15°25%2p°35*36°—-In contrast to fluorine, chlorine forms a 
series of oxides and oxyacids and exhibits a variable valency. The ton 
ClOz has been shown to have a triangular structure which would suggest 
that the chlorine was in the singly charged positive, divalent state : 


cls 
35 3p 


Two p electrons thus participate in the two bonds which are therefore 


mutually directed at go° : 
Clt+ 


a 
O O- 


The ClO; ion is in the form of a pyramid with the chlorine atom at the top : 


which suggests that the chlorine atom is in a doubly charged positive, 


trivalent state, 
cr [44 
5 3P 


3 


and three p electrons participate in the bonds. The ClO7 ion is tetra- 
hedral which would indicate that the four bonding electrons are in the 
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hybrid sp3 state, with the chlorine in a triply charged positive, tetravalent 


State : 
cit 
35 3h 
O- 
0-—d)+_0- 


O- 
In addition to the structures given here, it is highly probable that other 
valence bond structures, involving higher valency states of chlorine, con- 
tribute to the resonance of the molecule. 


ALTERNATING POLARITY OF ATOMS IN 
VALENCE BOND STRUCTURES 


The bond energy of ionic states of individual bonds is strengthened if 
alternate positive and negative charges arise on adjacent atoms. As an 
example, we shall consider first, sulphamide SO,(NH,)., for which the 
valence bond structure 


NZ 


S2+ 
/ 
O- NE 
may be written. In each >N—H bond, there is resonance between the 
covalent and the ionic >N~ H?* states, and the formation of a negative 
charge on the nitrogen atom increases the stability of the molecule in view 
of the gain of electrostatic energy in the S—N bond. Thus the contribution 


of the structure : 
Ht 


O- N- 
ae 
St H 
yo ~~ 
O- ‘NH, 


four structures 
will be large in view of the increased stability produced by the alternate 
positive and negative charges. The marked acid properties of sulphamide 
and its ability to form salts of the type SO,(NHAg), are in agreement 
with this structure. Sulphamide polymerizes with the formation of mole- 
cules of the type : 
NH,—SO,—NH—SO,—NH—SO,—NH—SO,—NH, 
in which the contribution of the form : 
O- O- O- O- 


| | | | 
+H -NH—S?2+—-N-—S?2+—N-—S2+-_N-—S2+—-NH_ H+ 


| | | | 
O. H+ O_. H+ OL Ht O_ 
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will be considerable. Such structures in which there are alternate positive 
and negative charges on the atoms forming a ring or chain, play an im- 
portant part in the resonance of certain organic molecules and results in a 
mutual stabilization of the ionic states in neighbouring bonds’. 

In the case of benzene, resonance is generally considered as occurring 
between the two Kekulé and the three Dewar structures, but other struc- 
tures involving a separation of charge can be conceived e.g. 

7 7 \ 
| i, a 
- VY 


I Ul 


Such structures do not produce any resultant polarity of the molecule since 
{or each bond the two forms C+ C~ and C~ Ct contribute equally to the 
final state of the molecule. In the case of benzene these structures may in 
general be ignored in view of the much greater stability of the Kekulé 
forms. In substituted benzene derivatives, however, this is not always the 
case, in view of the possibility of the substituent groups being charged. 
Thus in view of the positively charged nitrogen atom in the trimethyl 
pheny! ammonium ion : 


CH, 
| 
H,C—N+—CH, 


the structures JJ] and JV are much more probable than in benzene owing to 


CH, es 
| 
H,C—N+—CH, H,C—N+—CH, 
TI IV 


the increase of the energy of the molecule in view of the electrostatic energy 
between the alternate charges, + — +. On the other hand structures of 
the type V are most improbable in view of the repulsion between the 
adjacent positive charges, + + — 


CH, 
H,C—N+—CH, 


é 
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Other examples of stabilization in this way are given by benzene- 
sulphonic acid and nitrobenzene : 


O- O- O- O- 
VS ae 
S?+—-OH S?+-_-OH 
K 
C 6 
vi / 
+ 
VI VII 
two Structures 
O O- O O- 
YF NF 
N+ Nt 
O 0 
VA 
+ 
VI IX 
four structures two structures 


Alternating polarity may also occur in aliphatic molecules, but is 
generally present to a lesser extent than in the aromatic series. The 
resonance in the non-substituted hydrocarbons between the forms C+ C~ 
and C-~ Ct will be negligible ; on the introduction of an atom e.g. chlorine, 
which forms a partially ionic bond with carbon, however, alternating 
polarity can be induced and resonance between the forms X and XT will 
occur. 


H H H H H H 
bo, | i" 
—C—C—C—C] —*C CG—Cr C- 
| |i | Lo de. 
H H H H H H 
X XI 
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MOLECULAR ORBITALS OF DIATOMIC MOLECULES 


Tue problem of the nature of the chemical bond may be approached by 
two different methods. The first treatment, developed mainly by HEITLER, 
LonpDoN, SLATER and PAuLino, has been discussed in the preceding chapters ; 
the fundamental assumption of this method is that the atoms tn the molecule 
are considered as preserving to a considcrable extent their individuality. 
Thus the electrons in a diatomic molecule are described by functions 
derived from the atomic wave functions of the constituent atoms, an 
approximation which is justified only when the interatomic distance is 
large, since the intcraction of the two atoms at distances of the order of 
1078 cm is sufficiently great to cause distortion of the atomic orbitals. The 
second method is that of molecular orbitals! which has been developed mainly 
by Hunn, MuLuiKan, HerzBerRG and LENNARD-JONES’. In this treatment 
the same principles which have been used for describing the electron states 
in a single atom (Chapters 1 and 2) are applied to the molecule, with certain 
modifications which are necessary in view of the fact that the electrons move 
in the field not of one, but of two nuclei. For our treatment of the electron 
states of atoms, the simplest atom, hydrogen, was taken as representative 
and the results obtained applied to the polyelectron atom. In the same way 
we may consider the simplest diatomic molecule, the hydrogen molecule 
ion, as a representative molecule and having determined the permissible 
electron states for the single electron, construct polyelectron molecules, 
either diatomic or polyatomic, by distributing the electrons in these states. 
This distribution will be controlled by Pauli’s exclusion principle as in the 
case of atoms. 

Each electron in the molecule is described by a wave function %, which 
is the wave function of a molecular orbital. The value of %° at any point 
in space may be regarded as representing either the probability of finding 
the electron at that point or the density of the electron cloud at that point. 
The calculation of should be made by solving the appropriate Schrédinger 
equation. This is a mathematical operation of too great a complexity except 
in the simplest cases and the approximation is made that, when the electron 
is in the neighbourhood of any one nucleus, the forces acting on it are due 
mainly to that nucleus and other electrons on that nucleus. The appro- 
priate wave equation and its solution will therefore closely resemble the 
equation and solution for an isolated ajom, and the molecular orbital is 
assumed to consist of a series of superposed atomic orbitals. This idea 
which forms the basis of the molecular orbital treatment was first intro- 
duced by Lennard-Jones? and has been termed by Mullikan® the linear 
combination of atomic orbitals. It must be appreciated clearly that this is 
an approximation, since the distortion of the atomic orbitals by the adjacent 
atoms has been ignored in order to simplify the treatment. A detailed 
study of the hydrogen atom‘ shows that here the assumption is justified. 

It has been shown by Coutson® that the bonding energy between two 
atoms is a maximum if the component atomic orbitals of the molecular 
orbital have the same energy. When these energies are not of comparable 
magnitude no bonding can be attributed to these particular atomic orbitals. 
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Thus in the hydrogen chloride molecule, the binding energy of the 15 
electron of the hydrogen atom to the hydrogen nucleus is much less than 
that of the electrons of either the K or L electron shells of the chlorine 
atom to the chlorine nucleus, but is similar to the energy of the 3p, 3p, and 
3p, electrons of chlorine. The molecular orbital can thus be formed only 
by the combination of the H 1s atomic orbital and the Cl 3, 39,, 3f,, 
atomic orbitals, the principle of maximum overlap determining which of 
the chlorine orbitals are involved. This argument will apply also to homo- 
nuclear molecules, e.g. Cl,, when the inner shells of electrons of both atoms 
have identical energies, since the extent of the overlap of the inner orbitals 
will be very small and their contribution to the bonding energy negligible. 
We may therefore conclude that only the electrons of the outer shell, i.e. the 
valency electrons, combine to give molecular orbitals and all other electrons 
possess non-bonding atomic character. 

Turning now to the problem of the hydrogen molecule ion and applying 
the principles outlined above, we may consider the formation of the molecular 
orbital in the following manner. When the distance between the nuclei is 
great, the electron will be represented by the atomic orbital y,; as the 
nuclei approach the electron may be found at either of the nuclei, a or 6. 
This process of exchange must be regarded as the first step in the formation 
of the molecular orbital. Neglecting the deformation of the atomic orbitals, 
we may combine the wave functions to give the molecular orbital, 

Y= tery + CPs) vee (71) 
where ¢ is a constant. Such a wave function is interpreted on the basis of 
quantum theory by regarding the relative probabilities of por,) and Pas) 
as being in the ratio 12: c. Since we are dealing with a homonuclear atom 
the electron must be equally divided between the nuclei a and 4, so that 
c2 = 1, and there are two possible linear combinations of the atomic 
orbitals® to be considered viz, 

Y= Pers) + Pon » +++ (7-2) 

ef rs bass) -— Ps) Seieitens (7-3) 
The subscripts of g and u refer to gerade (even) and ungerade (odd). When 
the two nuclei are different as in hydrogen chloride, symmetry no longer 
exists and separation into g and u orbitals is not possible. 

The densities of the electron clouds may be obtained from equations 7.2 
and 7.3 and are: 

Y,? =_ Pp? (o:1s) + (oss) ae 2 (0:15) Pons) ee (7.4) 

bs = b? ars) + bors) — 20:5) Pons) shee (7-5) 
In the first case, to the electron cloud densities of the two atoms is added 
the cloud density, 24(61,) You.), of the transition structure corresponding to 
the electron being in the field of both nuclei. As a consequence of this the 
density of the electron cloud between the nuclei is increased, the nuclei are 
drawn together and there is an increase of energy. Such an orbital ¥, 
is therefore a bonding orbital. In the second case (equation 7.5) the 
density of the transition structure is deducted, and the electron is drawn 
away from the region between the nuclei and, as a result, bonding does 
not occur. The orbital ¥,, is therefore an antibonding orbital. 

The transfer of an electron from the atomic orbital to an antibonding 
orbital involves the loss of energy and therefore the electron will occupy 
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such an orbital only when the bonding orbital is already filled by the two 
electrons permitted by the Pauli principle. When, however, an electron 
does exist in an antibonding orbital, it will always tend to return to an 
atomic orbital and will therefore lower the stability of the molecule. Thus 
there are two types of molecular orbital, the bonding orbital, in which the 
electron is located at a lower energy level than in the atom, and the anti- 
bonding, in which the electron is in a higher energy state. Each com- 
bination of two atomic orbitals will produce two such molecular orbitals. 
This conception of bonding and antibonding orbitals is fundamental in the 
molecular orbital treatment as will be seen in the next section where it is 
applied to simple diatomic molecules. Although the orbitals Y%, and ¥, 
have been obtained by the combination of uncorrected atomic orbitals, 
the division of the molecular orbitals into bonding and antibonding orbitals 
would still be retained even if it were possible to allow for the distortion 
of the atomic orbitals which must occur. 

The formation of a molecular orbital may be pictured as occurring in 
another way, in which the nuclei are brought together and imagined to 
coalesce into a single nucleus. This important idea’, known as the ‘ united 
atom viewpoint ’, permits a characterization of the molecular orbitals to 
be made in terms of quantum numbers by analogy to atomic orbitals. An 
electron moving in a field of central symmetry is described by four quantum 
numbers n, /, m and s, three of which, v1z, n, / and m are orbital quantum 
numbers. In the case of the united atom there will be no difference between 
the significance of the principal quantum number n, and of the azimuthal 
quantum number J, compared with a normal atom. Ifthe united atom now 
divides into the constituent atoms in such a way that the internuclear 
distance is still very small, the quantum numbers n and / will still be defined 
as before, but there is a change in the significance of m. In a free atom, 
m determines the component of the orbital angular momentum of the 
electron on an arbitrary axis, such as the direction of an applied magnetic 
field, which has the value m(h/27). In a diatomic molecule, the axis is no 
longer arbitrary but is the line joining the two nuclei and in this case it is 
customary to replace m by a new symbol, A. Thus A(h/27) represents the 
component of the orbital angular momentum of the electron about the 
internuclear axis. 

The possible values of n are 1, 2, 3, . . . and / may have any value from 
oton—t1. The values of A, as form, are —/, —I/+1,....0,.... 
+i/—1, +l. Only the absolute value of A is usually of importance since 
the state with A = + 1, for example, is of the same energy as that for which 
A=-—1; thus the A= 1 state is doubly degenerate. If the molecule 
rotates about an axis perpendicular to the line of centres, the difference 
between the states described by positive and negative values of A becomes 
manifest. This is of importance in the interpretation of the spectra of 
diatomic molecules, but not in the present discussion. Molecular orbitals 
with A =o are termed o orbitals; with A= +1, 7 orbitals and with 
A= + 2, S orbitals, etc. For each value of A there will be, as we have shown, 
a bonding and an antibonding orbital and it is customary to represent these 
as o and o*; wand n*, ete orbitals respectively. 

The number of electrons which may exist in each orbital is restricted by 
Pauli’s principle. Thus in each of the o and o® states there may be two 
electrons ; in each of the m and n®* states there may be four electrons, two 
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in the orbital for which A = +1 and two for the case when A = — 1. 
Similarly, the remaining states: 5 and 5* with A= + 2, 9 and 9* with 
A= + 3, etc, there will be four electrons in each state, whether bonding 
or antibonding. 

The molecular orbitals are formed by the combination of atomic orbitals 
and the electronic states in the constituent atoms will determine the resultant 
electronic state, z.e. the value of A, in the molecule. Thus in the case of the 
hydrogen molecule ion the electron is in the 15 state in the atom and the 
molecular orbital that is formed is denoted by ats for the bonding orbital 
and o*1s for the antibonding orbital. These orbitals may be represented 
schematically! and are shown in Figure 25 where the increase and decrease 


Figure 25. Schematic Representation of the Formation sib Bonding and Antibonding Molecular 
Orbitals: o and o* and x and x* 
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of the electron density between the nuclei in bonding and anti-bonding 
orbitals are clearly shown. In the ground state, the hydrogen molecule 
will have two electrons in this orbital and will therefore be denoted by 
(o1s)*. For the combination of p orbitals (/ = 1) two different types of 
molecular orbitals will be formed corresponding to the two possible values 
of A (o and +1). When A = 0 (for example, produced by the combination 
of two p, atomic orbitals) we shall have a o orbital which will be denoted 
by of and o*f, which will be similar to the os and o*s orbitals respectively. 
When A = +1, however, a new type of molecular orbital, produced by 
the combination of two fy or two p, atomic orbitals, is produced. The 
general shape of the f, and f, atomic orbitals is a figure eight, which, in 
the constituent atoms, will be at right angles to the line of centres and it 
will be readily seen that the combination of two such orbitals will produce 
a new type of orbital (see Figure 25) in which there is no symmetry around 
the line of centres. 
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Vhe molecular orbital consists of two parts in which Y has different 
signs. For the bonding molecular orbital it is denoted as 2 and for the 
anubonding molecular orbital as 7*p. Examples of the notation of mole- 
cular orbitals formed from different pairs of atomic orbitals are given in 
Table XXVII in which an abbreviated notation due to MULLIAN® is also 
given. The advantages of this notation are that it may be applied to 
heteronuclear molecules where a molecular orbital may be formed by 
the combination of 
atomic orwitals of able XAVIT. Molecular Orbitals of Homonuclear Molecules 


different atomic shells, | 


Atomic Molecular orbitals Number of elee- 


e.g. H(1s) and Cl(3p,) — orditats, ———_____—___ : —| “trons in mole- 
in HCl, and it reduces | Full notation a Abbreviated notation cular orbitals — 
the emphasis laid on the £ (1s)? — } 


1s, ts | (ots)? 


assumption that, for ex- | 
ample, the o2s molecu- 2425 | ey | 
lar orbital is entirely ‘pleas | 
composed of atomic 2s 7x 7Ps {ioe | 
orbitals. The main dis- 2¢,. 20, oF | (nyap)%= (mz2p)? 


advantage, apart from P27, | \(nx*2p)'= (me*2p)’ 
the confusion which may 
arise from the use of the symbols x, y, z, . . . which have no relation what- 


ever with the Cartesian coordinates, lies in the fact that Mullikan’s notation 
disguises the pictorial relationship between the atomic orbitals of the 
constituent atoms and the molecular orbital. 

The electronic states of homonuclear diatomic molecules may now be 
built up by feeding the electrons into the various orbitals, provided that the 
relative order of molecular orbital energies ts known. This has been deter- 
mined by Muturkan® from molecular spectra data and is generally found 
to be: 


Full notation : 
ols< o* Is< a2s< a*25< o2p<1n,2p = 1,2p<7,*2p = 7,*2p< o* 2p 
Mullikan’s notation : 
zo< yo < xo u'r < utr <uo 


DISTRIBUTION OF ELECTRONS IN 
HOMONUCLEAR DIATOMIC MOLECULES 
H,*—- When the hydrogen molecule ion is formed from a normal hydrogen 
atom and a proton, the 1s electron is transferred to the lowest bonding 
o orbital denoted by the function, Y= Qa) + Posy. This may be 
represented by the equation 
H(ls) + H+ = H,t(ols) 

H,— Each atom of hydrogen in the ground state has a single 15 electron. 
If the spins of two atoms are antiparallel they may both occupy the same 
molecular orbital : 

H(1s) | + H(1s)t = H,(ols)? 
If the spins of the elcctrons of the two atoms are parallel, then only one 
electron, according to the Pauli principle, may exist in the lowest bonding 
orbital, the second electron being transferred to the higher energy anti- 
bonding o*1s orbital denoted by the function ¥y= Pian) — Pay. The 


reason why the atom is transferred to an antibonding orbital when there 


133 


THE STRUCTURE OF MOLECULES 


exist other bonding orbitals lies in the fact that the latter do not correspond 
to the ground state of the H, molecule but to excited states. Thus we may 


write 

H(is) f + H(is)* = H,(ols)(o*15) 
The antibonding power of the o*1s orbital cancels the bonding power of 
the ais orbital, with the result that no bonding occurs. An attempt to 
substantiate this argument theoretically has been made by PENN using the 
Heitler-London method. The normalized wave functions of the bonding 
and antibonding orbitals are, according to equations 3.47 and 3.48 : 


We = (be + vs)/(2 +258; Py = (fe — W)/(2 — 25)8 
and the density of the resultant electron cloud will be given by, 
PP =P A? = (a? + fo? — 2payS)/(1 — S?) 


Since the transitional structure term, 24.45, has a negative sign, the 
electrons will be drawn away from the region between the atoms and 
repulsion occurs. 

He,+— This molecule may be formed by the combination of an helium 
atom, possessing two electrons in the 15 orbital, with an Het ion, having 
one electron in the 1s orbital. In the molecule, two of these electrons with 
opposite spins will occupy the lowest bonding orbital, o1s, whilst the third 
electron will occupy the antibonding orbital o*1s, which is the orbital next 
in the energy sequence. Thus we may write 

He (1s?) + He t+(1s) = He, +(ols)?(o*15) 
The presence of the electron in the antibonding orbital lowers the stability 
of the molecule, the occurrence of which may only be detected by spectro- 
scopic Means. 

He,— The formation of this molecule may be represented in a similar 
manner to that used for the He,t 10n, 


2He (1s?) = He, (ols)?(o*15)? 


In this case the antibonding power of the (o*1s)? orbital cancels the 
bonding power of the (o1s)? orbital with the well known result that the 
molecule is not formed. 

Li,— Each atom of lithium has three electrons, two 1s and one 2s. How- 
ever, we have shown above that the inner orbitals do not take part in bond 
formation and retain their atomic character in the molecule and only the 
electrons in the outermost shell need be considered in the formation of the 
molecular orbital. The two valence electrons in Li, will occupy the o2s or 
in the abbreviated terminology, the zo molecular orbital. 

2Li (1522s) = Li, [KK(o2s)?) 
The notation KK infers that the two K shells of the atoms are filled by 
non-valence electrons. 

N—The electron configuration of the nitrogen atom is 15%2s*2p3; of 
these the 15%, t.e. the X shell, will not take part in the formation of a 
molecular orbital. The remaining electrons, v1z, 252 and 2° will all exist 
in molecular orbitals and hence contribute to the bonding of the atoms in 
the molecule. In this fact lies one of the main differences between the 
molecular orbital treatment and the method of localized pairs, 1.¢. the 
Heitler, London, Slater and Pauling method, which only regards the three 
2p electrons as bonding electrons. The result, however, is the same for both 
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methods as may be shown as follows. The formation of the nitrogen 
molecule from two nitrogen atoms may be represented by : 


2N (1s?2s?2p3) = N, [KK(zo)?(yo)?(xo)?(w7) 4] 


The bonding power of the (xa)? orbital may be regarded as being cancelled 
by the antibonding power of the (yc)? orbital with the result that the 
bonding is in effect due to the (xo)* and (wz)* orbitals. This will correspond 
to a o bond and two a bonds at right angles to each other, and as six 
electrons are involved in the bonding, we may term this a triple bond. 
The conclusion as to the number and types of bonds involved is thus the 
saine as in the electron pair method. 

O,—The atom of oxygen contains one more electron than the nitrogen 
atom, its configuration being 157257264. On the basis of the electron pair 
theory it would be expected that the bond between two oxygen atoms would 
be formed by the two unpaired p electrons which would therefore give rise 
to a o and az bond. Spectroscopic data, however, show that the oxygen 
molecule has two unpaired electrons and is therefore strongly paramagnetic. 
These facts cannot be explained by the theory of electron pairs. Application 
of the molecular orbital treatment leads to the following electron con- 
figuration 

20 (1572s*2p*) = O, [KA (z0)?(yo)*(x0)?(wa) “(vr)*] 

The bonding (zo)? is cancelled by the antibonding (yo)? orbital and the 
antibonding (vm)? cancels one of the bonding (w7‘) orbitals, which is a 
degenerate state owing to the equivalence of the 7,2 and 7,2p orbitals. 
The atoms are therefore bonded by a o and a vw bond involving four 
electrons which may be termed a double bond. The important point about 
the molecule as represented by the above electron configuration is that two 
electrons occur in the vm or 7*2p molecular orbital. On account of the 
degeneracy between the 7, and 7, states, this orbital will accommodate 
four electrons and may be regarded as made up of two orbitals, the 7,*2p 
and the 7,*2f which may each accommodate two electrons. Since only 
two electrons occur in this state in the oxygen molecule, according to 
Hund’s law (page 24), one will go into each of the z,*2p and 7,*2p orbitals 
and will have parallel spins. The observed facts regarding the oxygen 
molecule are thus completely explained. 

F,—In the fluorine molecule there are, in comparison with O,, two 
additional electrons, which will fill the vm orbital. All electron spins are 
thus paired and the molecule is not paramagnetic. 


2F (1572s?2p*) = Fy (KK (z0)?(yo)?(x0)?(wa) *(om) 4) 


The (zo)? and (yo)? orbitals practically cancel as do the (wz) and (v7) 
since they are bonding and antibonding respectively. Thus the bond is 
effectively due to the (xo)? orbital and as only two electrons take part, 
it is a single bond. 

Ne,— The electron configuration of the neon atom is (157257268), the 
L shell thus being completely filled. The configuration of the molecule 
would therefore be : 


2Ne (1s22s29p8) = Neg (KK(za)*(,yo)2(x0)*(wm) #(om)4(uo)?] 
Here in addition to the cancellation of the bonding (zo)? and (w7)¢ orbitals 


by the antibonding (yo)? and (vm)‘ orbitals as in F,, the (xo)? is cancelled 
by the (uo)? orbital and molecule formation does not occur. 
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A similar representation may be made for the homonuclear diatomic 
molecules occurring amongst elements of the third period, ¢.g. Nas. 


DISTRIBUTION OF ELECTRONS IN 
HETERONUCLEAR DIATOMIC MOLECULES 


When a heteronuclear diatomic molecule is formed, the same principles as 
those discussed in the previous section may be applied. The criterion that 
the atomic orbitals, which combine to give a molecular orbital, must have 
nearly equal energies®, implies that only the outermost shell of electrons of 
each atom Is involved (see page 129) and these for two different atoms will 
not generally be in the same electronic state. The two atomic orbitals, 
however, must have the same component of angular momentum, 1.e. value 
of the quantum number m, in the direction of the bond axis. In the following 
discussion we shall denote by p, a p orbital having the value m = 0, the f, 
and , orbitals will have the values m= +1. The x axis will thus be 
considered as lying along the line of centres of the nuclei. Thus for the 
bonding electrons of hydrogen chloride, which will be compounded from 
Yas) and Yer), the molecular orbital, by analogy with equation 7.1 is, 


P= day + cdr) . +++ (7.6) 
The constant ¢ no longer satisfies the relationship c* = 17, since the atoms 
are not identical, and has to be calculated. However, there will still be 
two values of c, as In equations 7.2 and 7.3, corresponding to a bonding 
and an antibonding orbital. These orbitals may be termed the o3f/ and 
o*3p respectively. The shape of the resulting molecular orbital will depend 
on the value of ¢; if c>1, then there is a greater contribution from the 
chlorine atomic orbital than from the hydrogen atomic orbital. This is 
what happens in the case of hydrogen chloride as is well known, since the 
electronegative character of chlorine, compared with hydrogen, attracts 
the valency electrons towards the chlorine atom. 

The electronic configuration of the hydrogen chloride molecule may be 
represented as, 

H (1s) + Cl (15?2s?2p°35?395) = HCl [KL(3s)?(03p)?(3p,)2(3p,)7] 
It will be clear that only the o3) orbital is molecular in character, the 35, 
3p, and 3p, being mainly atomic. The A and L represent the A and L 
shells of chlorine which remain entirely atomic. 

In many cases the molecular orbitals for a heteronuclear diatomic 
molecule may be worked out in a straightforward manner as for hydrogen 
chloride. In others, however, certain difficulties arise and we shall take 
as an example the case of carbon monoxide, the structure of which has 
been the subject of much controversy. In carbon monoxide, as in the 
nitrogen molecule, there are fourteen valency electrons and Mullikan® has 
formulated the structure of both molecules as 


N,, CO: (KK (zo)?(yo) (xo) ?(w2)§] 
in which there are four bonding orbitals : zo, xo, and wz which is doubly 
degenerate, and one antibonding orbital yo. The resultant structure is 
therefore approximately a triple bond. In order to substantiate this 
similarity of electronic configuration in molecules possessing the same 
number of electrons (isoelectronic molecules), attention has frequently been 
directed towards the similarity that exists between certain physical properties, 
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notably the boiling point, critical constants, interatomic distance, solu- 
bility ele of these molecules, Table XXVIII. Lonc and Wa tsn!® consider, 


Table XXVIII, Physical Properties of Isoelectronic Molecules 


Electronic configuration (ga) 2( ya) *(ww) *(orr) 
Molkcules O,+ 
Tonigation poveniial es —_ 
Excitation potential (kials — 
Polarizability (A*) - —_ 
Intevnuclear cistance (A) .. 1°12 
Frequency of cibration (cm~*) 1,876 


Dissoc‘ation energy (keals) 
Melting point (°K ) 
Boiling point (°K) .. .. 
Critical temperature (°K) .. 
Critical pressure (atm.) 


PN 
| tilts 


Densily in Kgquid state 


* As these values correspond to the transfer of N; and CO from the ground state to different excited states : 
(20) ?(ya)?(x0)?(ww) (tw) for N; and (20)*(yo)?(x0) (ws)*(or) for CO, no great significance can be givea 


to their similarity 


however, that this argument is not logical, since many of the properties 
cited infer similar molecular volumes and similar external fields of force 
rather than similar electronic arrangements. Furthermore, these authors 
point to the fact that the molecules of nitrogen and carbon monoxide differ 
in a very significant way. When the nitrogen molecule ionizes to give N,*, 
the bond is weakened, as shown by the increase in the interatomic distance 
and the decrease of the vibrational frequency, Table XXVIII. On the other 
hand, when the carbon monoxide molecule ionizes to give (CO)t, the 
interatomic distance decreases and the frequency of vibration increases, 
thus showing an Increase in the strength of the bond. These data are only 
understandable if, unlike the nitrogen molecule, carbon monoxide con- 
tains a double bond and forms on ionization, a third bond. On ionization 
the nitrogen molecule reverts from a triple to a double bonded structure. 
Long and Walsh derive a molecular orbital description of carbon monoxide 
which approximates to a double rather than a triple bond in the following 
way. It 1s imagined that the two atoms are brought together without inter- 
action and the molecular orbital is then gradually formed. Thus we start 
with 
C : 1572572p,2p, 
O: 1572522p,2p,2p,? 


where the carbon atom is in the state in which it occurs on the dissociation 
of carbon monoxide, and we proceed to form the molecular orbitals, the x 
axis being in the direction of the line of centres. The 15 orbital (A shell) 
will remain unaffected whereas the 25 electrons will fill the zo and yo 
orbitals, which will largely cancel each other. The 2/, electron of carbon 
interacts with the 2, electron of oxygen to form a xo orbital and the 2, 
electrons of carbon and oxygen may now interact to form a wz orbital. 
The two p, electrons of oxygen remain ind will show a small drift towards 
the 2, atomic orbital of carbon by occupying a molecular orbital of the 
form coey ) + Yom,)- The semipolar or coordinate bond denoted by the 


arrow in the formula C =O, which is sometimes employed to describe 
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carbon monoxide, implies that c= 1. There is nothing in the molecular 
orbital treatment to indicate that this is so and spectroscopic data!® suggests 
that the factor ¢ is very small. 

The case of nitric oxide is more straightforward and the formation of the 
molecular orbital may be represented as, 

N (152257263) + O (157252264) = NO [KK(zo)?(yo)*(xo)?(wa) *(v7)] 
The (zo)*, (xo)? and the doubly degenerate (wz)* orbitals are bonding, 
whereas the (yo)? and (vz) are antibonding. There is thus a predominance 
of bonding over antibonding orbitals and a stable molecule 1s formed. The 
single electron in the antibonding vz orbital is responsible for the reactivity 
and paramagnetism of this molecule. 


THE THREE ELECTRON BOND 


The introduction of the idea of a three electron bond was an attempt to 
explain the existence of molecules with unpaired electrons within the frame- 
work of the Heitler-London treatment. According to Pauling!! the bond 
in He,* occurs by the superposition of the two forms : 


He: - Het 
a b 
He-+ :He 
a b 


where the dots represent electrons. Calculation has shown that such 
resonance leads to a value for the bond energy which 1s in satisfactory 
agreement with experiment. In the helium atom both electrons are paired 
and the atom is chemically inert, but the approach of a helium ion makes 
possible a gain in energy due to the resonance between the two structures. 
This method has been extended to other molecules containing unpaired 
electrons (NO, O,, ClO, ClO, etc) and the bond in oxygen, for example, 
is represented as a resonance between the forms : 


:O-O: :0—O: 


1.e. by one normal covalent bond and two three electron bonds. This is 
more usually represented by 


:O = O: 
In a similar manner the nitric oxide molecule may be represented by 
resonance between the two forms : 
Meats eats 
or by the more usual formula 


:-N=O: 
I 
A comparison of this structure with the electronic configuration according 
to the molecular orbital treatment brings out an important similarity. The 
molecular orbitals of nitric oxide are 
NO [KK (zo)?(yo)?(xo)*(wa) *(o7)] 
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Since the (zo)? and (yo)? orbitals cancel, these four electrons take no part 
in the bond and will be represented by the two electrons shown to the left 
of the nitrogen and two to the right of the oxygen in structure J. Of the 
remaining three orbitals, the (xo)? and (uw)* (doubly degenerate) are 
bonding and completely filled, and the vz orbital is antibonding and con- 
tains only a single electron. The number of bonds will thus be approximately 
two and a half, in agreement with the calculations of Pauling!! which show 
that the three electron bond has half the strength of an ordinary single bond. 
We thus see that the same conclusion is reached by the two methods, which 
are simply alternative ways of describing the same idea. 


MOLECULAR ORBITALS OF SIMPLE POLYATOMIC MOLECULES 


The application of the molecular orbital theory to polyatomic molecules 
meets certain difficulties which may be overcome only by assuming the 
existence of localized molecular orbitals. This may best be shown by 
considering an example. If we apply the principles developed at the 
beginning of this chapter to the case of the molecule of methane, we conclude 
that, of the ten electrons of methane, two occupy the K shell of carbon and 
the remaining eight occupy molecular orbitals embracing all five nuclei. 
Such a treatment does not explain why the characteristic properties of the 
C—H bond should remain effectively the same in a variety of different 
molecules, although it does predict a tetrahedral structure for the methane 
molecule?*. This difficulty has been overcome (see for example Coulson?) 
by employing localized molecular orbitals, in which it is supposed that 
each single bond is due to two electrons of opposite spins in a molecular 
orbital almost completely localized between the two nuclei. Such a modi- 
fication of the molecular orbital theory produces a similarity with the 
localized electron pair theory of Heitler, London, Pauling and Slater, but 
with the important difference that the molecular orbital treatment does not 
lead to the idea of a resonance between different valence bond structures. 

The idea of a localized molecular orbital may be illustrated by the water 
molecule. The atomic orbitals available for the formation of molecular 
orbitals are the 2f, and 2, of oxygen and the two 15 ofthe two hydrogen atoms, 
which we shall call H, and H,. The angle between the 29, and 2, orbitals of 
oxygen is 90° and the maximum overlap between these orbitals and those 
of the hydrogen atoms will occur in the directions of the 2p, and 2, orbitals 
of oxygen. The two molecular orbitals produced will have the form : 
PY, = pay + chon) and ¥, = pix) + cho») and are quite independent of 
each other. The replacement of the atom H, by some other group will 
change ¥, but have little effect on ¥,, thus we see that this treatment leads 
to the conclusion that the electrons in a particular bond have characteristic 
wave functions. As pointed out earlier the coefficient ¢ determines the 
polarity of the orbit and it is therefore unnecessary to consider the bond as 
a superposition of the pure covalent wave function ¥o_g) and the pure tonic 
wave function Y(o-4+) which is necessary in the resonance treatment. 

The theory of localized molecular orbitals, although most successful 
when applied to the ground states of molecules containing not more than 
one double bond, ceases to be correct for excited states and for systems 
containing conjugated double bonds. The first of these cases may be 
illustrated by considering methane. If one of the electrons be excited, it is 
impossible to predict in which localized molecular orbital it will occur and 
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it is necessary to allow for the possibility of the excited electron being at any 
of the five nuclei and this can only be done in terms of non-localized 
molecular orbitals. 

The second situation referred to above, viz systems containing conjugated 
double bonds, is perhaps more important to the present discussion. The 
classical example of such a system is benzene. The molecular orbital treat- 
ment regards the six C—C bonds and the six C—H bonds as completely 
localized molecular orbitals compounded out of carbon sp? hybrid atomic 
orbitals and the hydrogen s orbital. So far the treatment is identical with 
the electron pair theory, discussed in Chapter 4. The C—C bonds will be 
o bonds formed by the overlap of two sp? hybrid atomic orbitals, one from 
each carbon atom and the C—H bonds will also be o bonds formed by the 
overlap of one sp? hybrid atomic orbital of carbon with the s atomic orbital 
of hydrogen. The six carbon 2p, atomic orbitals that remain will form com- 
pletely non-localized molecular orbitals. ‘Thus each 29, electron will be 
regarded as existing in the field of six nuclei and will possess a wave function 
of the form : 


Y = cy, + Co, + Cgity + Cyhy + cops + Coe eas © Ly P 


where y, is the atomic orbital at nucleus 1, ¥, that at nucleus 2, eé and 
the coefficients ¢,, C9, etc are related to the probabilities of the electron being 
at any particular nucleus. As there are six 2p, electrons, there will be six 
distinct molecular orbitals of the form of equation 7.7. Of these, Hicxe!® 
and Covutson!}4 have shown that three are bonding and three antibonding 
orbitals and in the normal state of benzene the six electrons will be distri- 
buted amongst the three bonding orbitals. The most stable of these is the 


orbital 
Y= ty + po + $3 + by + os + He - ++. (7.8) 


in which the two electrons may be imagined as ‘ swarming’ round all the 
nuclei, thus bonding them together. There is a distinct similarity between 
the delocalized electrons of such a molecule as benzene and the conduction 
electrons of a metal, and any electrical influence in one part of the system 
is easily propagated to any other part, thus forming the basis for a theory 
of directional substitution in conjugated compounds. 

From the foregoing discussion we may conclude that the main difference 
between the 7 bonds of benzene, or any other conjugated system, and a lone 
a bond, is that the two electrons forming the localized 7 bond is situated in 
the field of two nuclei, whereas in benzene each of the six electrons exist 
in the field of six nuclei. The fact that the electrons in benzene have a 
greater space in which to move will result in a lower total energy, 1.¢. a 
greater binding energy, than when paired in localized bonds. This energy 
which could be termed the ‘ delocalization energy ’ (Coulson), is identical 
with the resonance energy of the valence-bond treatment. 

In the molecule of butadiene four non-localized electrons exist in the 
field of four nuclei and Hicxew}!* has shown that of the four possible 
molecular orbitals, two are bonding and two antibonding. Of the two 
bonding orbitals the first, i.e. the more stable, draws all four nuclei together 
whereas the second bonds together nuclei 1 and 2, and 3 and 4, more 
strongly than the two nuclei 2 and 3. Thus calculations} predict correctly, 
that the links in butadiene alternate in length, the two outermost links 
being the shorter. 
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COMPARISON OF THE ELECTRON PAIR AND 
MOLECULAR ORBITAL TREATMENTS 


The essential feature of the molccular orbital method is the complete 
freedom of movement of the electrons in the molecular orbitals. ‘This means 
that one electron has no influcnce on the location of another electron and 
hence the probability of finding simultaneously one electron at a point 
X1,J;, 2, and another at the point x, 3, Z, will be the product of the 
independent probabilities. For two electrons this will be : 


YP? (x Wis Xe Vata) = #721) $7 (X27 222) -+ ++ (7-9) 
Therefore the wave function describing the state of a molecule will be the 
product of the functions of the separate atoms. If we now apply this con- 
clusion to the atom of hydrogen in which two electrons are located in the 
molecular orbital ¥, + y, (see equation 7.2 ; we must of course consider 
the bonding orbital). The state of the molecule will therefore be described 


by the function, 

= [b.(1) + poll) [¥.(2) + yo(2)] -. +. (7.10) 
which implies that both electrons are quite independent and may both be 
at nucleus a or nucleus 6. Expanding equation 7.10 we obtain : 


= Pa(1)po(2) + Yo(1) pa(2) + Ya) Pa(2) + Yo( 1) Ho(2) (7.11) 
vee 7s LI 


The first two terms represent the two electrons as being one at nucleus a 
and the other at nucleus 5 ; the third term describes the ionic state where 
both electrons are at nucleus a, viz H,~ H,+ and the fourth term represents 
the alternative and equally probable ionic state where both electrons are 


at nucleus 6, wz H,+H,~. Let us compare this expression, with that 
obtained for H, by the Heitler-London method. This is 
Y = Pa(1)po(2) + po(1) $0(2) - ++. (6.19) 


and is identical with the first two terms of the molecular orbital expression. 
In the application of the Heitler-London method it was found that correc- 
tions were necessary to account for the contribution of the ionic terms which 
are not represented in equation 6.19. On the other hand, the molecular 
orbital treatment leads to the other extreme and over emphasizes the ionic 
terms which are given the same weight as the homopolar terms. This is 
due to the fact that the mutual repulsion of the electrons has been ignored 
in obtaining equation 7.9 and this repulsion will considerably decrease the 
probability of finding both electrons on the same nucleus. 

For heteronuclear molecules a similar result is obtained employing the 


expression 
Y=%.+ ce, see gh 7oO) 
in place of equation 7.2. The wave function for the molecule then becomes, 
YP = [P.(1) + cpo(1)][p.(2) + epe(2)] 
= ¢[ya(1) Yo(2) + Yo(1) po(2)] + poll) Yo(2) + c7yo(1) ds (2) feat) 


The ratio of the contributions of the homopolar and two ionic forms being 
in the ratio ¢: 1: c?. 
A more satisfactory equation than 7.12 would be 
P = Cy [Yo(1) po(2) + po(1) pa(2)] + copa(l) p.(2) + oe 
SadlQals 
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We may thus conclude that the two methods are both approximate, 
being based on different limiting conditions. However, both treatments 
lead to a qualitative picture of the formation of a chemical bond and to the 
stabilization of the molecule by resonance energy. The quantitative aspect 
of both approaches is less satisfactory and calculations of bond energy and 
interatomic distance in satisfactory agreement with experiment have only 
been made possible by the rejection of simplifying assumptions. Neither 
method gives a satisfactory description of the polarity of molecules since 
the Heitler-London theory neglects the contribution of the ionic forms 
whereas these are over emphasized in the molecular orbital treatment. 

The description of such molecules as He,t, O, and NO is more satis- 
factory by the molecular orbital method than by the Heitler-London since 
in the latter an additional concept, that of the three electron bond, must 
be introduced in order to explain the molecule and its properties. The 
conception of directional valency is perhaps more easily conceived by the 
method of localized pairs, but as already pointed out, the molecular orbital 
treatment of delocalized electrons also leads io the tetrahedral model of 
methane. 
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SPECTRA OF DIATOMIC MOLECULES 


GENERAL CHARACTERISTICS OF MOLECULAR SPECTRA 


In THE preceding chapters we have discussed the quantum mechanical 
theory of the chemical bond at the present stage of its devclopment. 
Although the conclusions which have been reached are of fundamental 
importance, they must not be permitted to overshadow the fact that at the 
present time the experimental physical methods of studying molecular 
properties give more precise data concerning the structure of molecules. 
Thus spectroscopic, x-ray and electron diffraction methods and the deter- 
mination of electric and magnetic moments have been developed to a stage 
where accurate determinations of characteristic constants of molecules, 
such as interatomic distance, valency angle, energies of dissociation and 
excitation, electric and magnetic polarization and vibrational frequencies, 
may be made. A description of these physical methods lies outside the scope 
of this work, and we shall be concerned primarily with the application of 
the results of such methods to chemical problems. 

The interpretation of the spectra of molecules has only become possible 
through the application of quantum theory ; previously, such relation- 
ships as were obtained, were entirely empirical and were without theoretical 
significance. As we have seen, atoms and molecules may exist only in 
certain permitted energy levels and the transition from one energy level to 
another is accompanied by the absorption or emission of energy, frequently 
in the form of light radiation. The absorption spectrum of a molecule is 
obtained when light possessing a continuous spectrum, e.g. white light, is 
passed through the substance, generally in the gaseous state. The frequency 
of the absorbed radiation », corresponds to a quantum of energy Av, which 
has been absorbed by one molecule and which has produced a transition 
from an energy level £,, to an excited level £,, so that 

hyv= EE, — E, .... (8.1) 
If the molecule is excited, not by the absorption of radiation, but by an 
electric discharge or some other method, the excitation energy is emitted 
in the form of radiation of characteristic frequencies, as an emission 
spectrum. 

In atoms, the energy levels correspond to different energy states of the 
electrons and in just the same way, the electrons in a molecule have a series 
of possible energy levels. Transitions between these energy levels produce 
the electronic molecular spectrum. The electronic states of a molecule 
were discussed in Chapter 7 where it was assumed that the positions of the 
nuclei were fixed ; this, however, ts not correct. In the molecule, the nuclei 
and the completed electronic shells round each of the nuclei, repel each 
other. This repulsive force, which operates at short distances, is balanced 
by the bonding forces due to the valency electrons. As a result of these two 
opposing forces the nuclei vibrate about an equilibrium position at which 
the repulsive force is just counterbalanced by the binding forces. In 
addition to this vibration of the molecule, it may also rotate about its 
centre of a 


The electrical forces acting on the nuclei and on the electrons are of the 
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same order of magnitude, but the mass of the electrons is very much smaller 
than that of the nuclei and it is therefore possible when considering only 
electronic transitions, to regard the nuclei as fixed. This enables the 
electronic states of the molecule to be discussed independently of the 
rotational and vibrational states!. The vibration and rotation of a molecule 
take place simultaneously and interaction between these two modes of 
oscillation occurs, but to a first approximation it is permissible to regard 
both as occurring separately and thus to discuss the vibrational and rotational 
levels independently. 

If the vibration of the two nuclei in a diatomic molecule is assumed to 
be harmonic, then it can be shown (see Chapter 18) that the vibrational 


energy is given by 
FE, = (n+ $)hy ....(8.2) 


where v is the frequency of vibration and n is an integer, termed the vibra- 
tional quantum number. The various vibrational energy levels will thus 
be: Ey = hv/2, Ey = 3hv/2, Ey = 5hv/2, etc. It will be noticed that the 
lowest level has the value hv/2 and not zero. This energy, termed the 
zero-point energy, is possessed by all vibrating systems even at the absolute 
zero of temperature. 

The rotational energy is given by, 

By = J(F + 1)h?/8r? «gine (8-3) 
where 7 1s the rotational quantum number and J the moment of inertia of 
the molecule. For diatomic molecules with nuclear masses m, and m, and 
internuclear distance ,r, 

f= 72 ....(8. 
aaa y (8.4) 
Since atomic masses are of the order of 10-2? to 10-74 gm and r? will be 
approximately 10716 sq cm, the values of J will lie between 10—*% and 
10~*” gm sq cm. 

The energy levels of diatomic molecules are thus seen to be characterized 
by three quantum numbers which determine the electronic, vibrational and 
rotational states of the molecule. We shall now compare the relative mag- 
nitudes of the changes in energy accompanying transitions between different 
electronic, vibrational and rotational levels of the molecule. The relation- 
ship between the change in energy and the frequency of the emitted or 
absorbed radiation is given by equation 8.1 and it is general to give the 
frequency in terms of wave numbers rather than frequencies. The relation- 
ship between the wave number w and the frequency »v 1s v = cw, where 
¢ is the velocity of light ; w therefore is equal to 1/A and has the units cm7~). 
A wave number of 1 cm—! thus corresponds to a frequency of 3 xX 10?° sec}, 
and one of 165 cm—! to a frequency of 3 xX 10)%sec-1. The corresponding 
energy in the latter case will be Av = 6-6 x 107?’ x 3 x 1018 = 19:18 
x 10714 ergs per molecule or calculating on the basis of a gram molecule 
this must be multiplied by the Avogadro number, 1.e. 19°18 X 10714 
12°3 xX 1010 


x 6:03 X 107% = 12-3 x 10! ergs = 


0-123 ev/gm mol. 

The magnitude of the electronic excitation energy in a molecule is close 
to that in an atom and corresponds to a frequency of the order of 10 cm7! 
(visible and ultraviolet regions of the spectrum). Vibrational transitions 
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correspond to spectral lines with fre- 8, 
quencies of the order of 103 cm? (the 
near infra-red region) and rotational 8; 


transitions to frequencies of to to —— 
102cm~?! (the far infra-red region),§ 
It thus transpires that the values of the 2 
quanta of rotational energy are much we B, 
less than those of vibrational energy 


| 
and during the period of a single rota- 
tion the molecule will complete many 


vibrations. ae f/ecironic Levels | | 
The bonding energy of a molecule Wm “4rotonol Levels 


the molecule and therefore a parti- 
cular equilibrium internuclear distance 
and a series of vibrational energy levels 
will exist for each electronic state. 
Every vibrational level is in turn 
accompanied by a series of rotational 
levels and in Figure 26 there is shown a 
schematic representation of the energy 
levels of a diatomic molecule. Mole- 
cular spectra may thus be divided into 
three sections: rotational spectra, vi- 


| 
is dependent on the electronic state of ~~ Rototionol Levels | | 


: ; Figure 26. Energy levels of a diatomic 
brational-rotational spectra, and the molecule. The short arrows denote rotational 


complete molecular spectrum pro- — changes, the medium length arrows vibra- 
duced by rotational, vibrational and —“#nal-rotational changes, and the long 


arrows electrontc, vibrational and rotational 


electronic transitions. The first type changes. 


occurs through changes in the ;ota- 

tional quantum number and is found to consist of a series of lines. The second 
type is caused by changes in the vibrational energy. Each vibrational change 
is accompanied by a number of rotational energy transitions which are repre- 
sented in the spectrum by a number of lines situated close together, con- 
stituting a band. The vibrational-rotational spectrum of a diatomic molecule 
thus consists of a series of bands, corresponding to the vibrational transitions, 
each having rotational fine structure. Finally the electronic spectrum con- 
sists of many series of bands, each series of bands corresponding to an 
electronic transition. 

This interpretation of the molecular spectra has been confirmed by a 
large amount of experimental data. Thus, for example, equation 8.3 predicts 
that for transitions in rotational energy in which 47 = +1, the lines in the 
spectrum will have a constant separation equivalent to 4?/472J. For hydro- 
gen chloride the separation of lines in the far infra-red is 20-68 cm—!, which 
gives [= 2-71 x 10° gmcm?; substitution in equation 8.4, putting 
m,m,/(m, + m,) = 1-63 x 10-24 gm gives the internuclear distance r, as 
1-29 X 10-8 cm in agreement with values obtained by other methods. As 
will be described in the following sections of this chapter the data obtained 
from vibrational-rotational spectra may be used to calculate the dissociation 
energy of molecules and the values obtained in this way are in excellent 
agreement with those obtained from thermochemical data. 
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POTENTIAL ENERGY CURVES 


The vibrations performed by a diatomic molecule may not be regarded as 
harmonic. This is readily understandable since a system of two nuclei 
performing harmonic vibration would never dissociate into the constituent 
atoms, since in accordance with the law F = — Kx (cf equation 1.12) the 
farther the internuclear separation, the greater would be the attracting 
force between the nuclei. In the case of an actual molecule, the restoring 
force is due to the bonding energy of the electrons which decreases rapidly 
with increasing internuclear distance and at a separation of 6 to 7 X 1078 cm 
the bonding force is effectively zero and the molecule dissociates into atoms. 

For a harmonic oscillator, the vibrational quanta, i.e. the energy 
difference between adjacent vibrational levels, all have identical values. 
This may be shown by reference to equation 8.2 which relates the energy of 
a vibrational level with the quantum number and the vibrational frequency 
of the molecule. If the molecule is initially in the state characterized by the 


: 

Wj 
zi x°S Distance x" 
Figure 27. Potential energy 

curve for the harmonic ! oe. interatomic Distonce 
oscillator Parte | 
Figure 28. Potential energy curve for a diatomic 
molecule 


quantum number n, the energy will be: £, = (n + $)Av; on absorption 
of one quantum of energy the molecule is transferred to the vibrational level 
having a quantum number n +1 which will have an energy given by 
E, = (n + 3/2)hv. The difference in energies will thus always be given 
by E, — FE, = hy, irrespective of the value of n,.and the energy levels will 
be situated at regular intervals, the energy difference between adjacent 
vibrational levels being a constant. Figure 27 shows the variation of the 
potential energy with internuclear separation for an harmonic oscillator 
generally termed a potential energy curve ; the horizontal lines represent 
the permitted energy levels. The meaning of this curve may best be 
illustrated by considering an example. If the oscillator has an energy value 
represented by £, the changes in potential energy during oscillation are 
represented by the curve A’A” and the nuclear separation varies between 
OX’ and OX". At a particular point B on the curve, representing some 
intermediate condition of the system between its extremes of oscillation, the 
internuclear distance is OC and the total energy AC is made up of kinetic 
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energy AB and potential energy BC. At the extremes of vibration Le. at 
A’ and A’ the kinetic energy 1s zero. 

The potential energy curve of a diatomic molecule is represented dia- 
grammatically in Figure 28 and possesses a minimum at the cquilibrium 
internuclear distance. At all other values of the internuclear distance the 
potential energy is greater, since work has to be done either against the 
molecular bonding energy or against the repulsion energy of the nuclei and 
their completed electronic shells. ‘The molecule, however, is never found in 
the non-vibrating state represented by the point O, since the molecule, 
even in its lowest quantum state, possesses vibrational energy, the zero-point 
energy. From a comparison of Figures 27 and 28, it is seen that the potential 
energy curve of a diatomic molecule only approximates to the parabola of 
an harmonic oscillator at low energy levels. A transition between a hypo- 
thetical state of the molecule with an internuclear distance equal to r, 
(Figure 28) to one with an internuclear distance equal to rg, involves the loss 
of energy since work has to be done against the 
forces of repulsion. This amount of energy, 4E 
= FE, — Ep has been converted from potential 
into kinetic energy of vibration. The curve 
approaches asymptotically the horizontal line 
which represents the energy of the free atoms 
formed by the dissociation of the molecule. 

From the potential energy curve the relation- 


Force of Repulsion 


Ipteratomic Distance 


variation 1s represented in Figure 29. ‘The value 
of r equal to ry, represents the minimum in the 


. A . Cc 
ship between the force of interaction f andthe & 
internuclear distance r, may be obtained since E 

dV ; ae, Jie 

f= on where V is the potential energy. This |~ 
r a 

te 


dV eta 
tential energy curve and hence —- = 0; this “igure 29. Variation of 
a ek dr / forces of attraction and re- 


fixes the zero on the ordinate and positive values inelaes aun, | aaleratomie 

. . istance for a diatomic 
of f will represent the force of repulsion and minletula 
negative values, the force of attraction. The force 
of repulsion increases rapidly with decrease in r and may be represented 
either by an expression of the type C/r* where n has a value close to 10 or by 
an exponential expression. The force of attraction increases, 1.e. becomes 
more negative, as r increases, passes through a maximum, and _ then 
decreases approaching zero asymptotically. Only in a small region close 
to the equilibrium position does this curve approximate to a straight line 
and therefore it is only in this region, as we have already noticed, that the 
vibration can be assumed to be harmonic. The deviation of this complex 
curve (Figure 29) from a straight line, emphasizes the very marked 
deviation from harmonic vibration that occurs and clearly indicates that 
equation 8.2: 

E=(n+h)hv seutte( O.2) 


must be modified before applied to actual molecules. Equation 8.2 has 
therefore been replaced by, 


E=(n+})hv—(n+})2ahr ....(8.5) 


in which the second term may be regarded as a correction term and a is 
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known as the anharmonicity constant. With this equation the difference 

in energies of the two energy states characterized by the quantum numbers 

n + 1 and n becomes, 

E,— Ey =[(n +1+4)av — (n+1+4+4)2ahv] — [(n + 4)hv — (n + a)ahy) 
= hy — 2nahv — 2ahv . (8.6) 

and hence the vibrational quanta decrease in value as the aianian num- 

ber 7 increases. 

The potential energy curve and 
vibrational energy levels of the 
hydrogen molecule are shown in 
Figure 30. The minmum of the 

Distonce between Hydrogen Atoms (4) Curve corresponds to a value of 
IS 20 25 3 109°4 kcals, but in the ground state 
the hydrogen molecule has a slightly 
higher energy value owing to the 
zero point energy }hv, which is 
equal to 6-2 kcals. Thus the dis- 
sociation energy of the hydrogen 
molecule is 103:2 kcals/gm mole- 
cule. The difference between the 
values of adjacent energy levels is 
seen to decrease as the quantum 
number increases, in the manner 
indicated by equation 8.5. 

From a study of the vibration- 
rotation spectrum of a molecule, 
the frequency of vibration, the 
values of the energy levels, the an- 
harmonicity constant and the dis- 
sociation energy may be determined. 
From the rotation spectrum or from 
Figure 30. Potential energy curve and vibrational | the rotational fine structure of the 
energy levels for the hydrogen molecule. The vibration-rotation spectrum the 
vertical scale gives the differences in energy value of I and hence of the inter- 

between adjacent vibrational levels CS ate 3 
atomic distance may be determined 


Energy (kcal) 


by using equations 8.3 and 8.4. 

The above elementary treatment of molecular spectra is sufficient for 
our present purpose and for a more extended discussion of the coupling of 
the vibrational and rotational modes of oscillation, the polarization and 
Intensity of spectral lines, permitted and forbidden transitions, the Frank- 
Condon principle and the application to thermodynamics, the reader is 
referred to the many monographs which have been published?. 

The potential energy curve shown in Figure 30, for the hydrogen molecule 
has been obtained experimentally ; it is, however, desirable that such 
curves be represented by a mathematical equation. We have already seen 
that the parabolic curve only approximates to the potential energy curve 
at low values of the quantum number and the expression for the variation 
of energy with internuclear distance obtained by Heitler and London 1s also 
a poor approximation, and moreover, has only been derived for the case of 
the hydrogen molecule. Recourse has therefore to be made to the derivation 
of empirical equations. The attraction energy may be represented by an 
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expression of the type—i/r", and the repulsion energy by -+ B/r*. Since 
the repulsion energy increases very rapidly at small values ofr, it is apparent 
that n must be very much greater than m. The expression for the potential 
energy V may then be written 
1 B 
Ve Se. 
om Wien cite a O27) 


This expression unfortunately has not been found to be of general applica- 
tion and a more useful approximation has been introduced by Morse? : 


Viy = D8 (ere) — 2D,-2 1-0) .... (8.8) 
where r is the distance between the nuclei, 7, is the equilibrium internuclear 
separation and D, is the dissociation energy together with the zero-point 


energy. The factor a is related to the anharmonicity constant by the ex- 
pression 


2 $ 
_ [=e | — .... (8.9) 


The importance of equation 8.8 lies in the fact that if it is substituted for 
the potential energy term in the Schrédinger equation, the latter may be 
solved for the vibrational energy and yields equation 8.5. 

The Morse equation describes the potential energy curve very satis- 
factorily. Its main disadvantage lies in the fact that when r = 0, a finite, 
although large, value of the potential energy is obtained instead of an 
infinite value. Various modifications to this formula have been proposed 
by Rosen and Morse and by Péscui and TEe.ver?‘. 


RESULTS OF SPECTROGRAPHICGC MEASUREMENTS 


The most detailed spectroscopic investigations have been carried out with 
diatomic molecules and at the present time the characteristic constants, 
obtained from vibrational-rotational spectra are known for more than 250 
diatomic molecules. Several of these compounds are not sufficiently stable 
to exist in the pure state and have only been observed and studied by 
spectroscopic methods. Such compounds as CH, NH etc are of great interest 
as they undoubtedly occur as intermediate products in many chemical 
reactions. 

The experimental data, which have been taken mainly from the mono- 
graphs of HERZBERG? and Gaypon', are grouped into different sections 
according to the nature of the molecule. Homonuclear molecules are given 
in Table XXX, hydrides in Table XXXI and oxides in Table XXXII. In 
order to simplify the discussion, the tables have been compiled according to 
the position of the element in the periodic table. Three constants (where 
known) are given for each molecule. Reading downwards these are: the 
energy of dissociation D in kcals ; the equilibrium interatomic distance 1, 
in A ; and the frequency of vibration vin cm—!. The energy of dissociation 
represents the difference between the limiting value of the potential energy 
at infinite separation of the nuclei and the lowest vibrational level, which 
is $hv above the minimum value. 

It should be pointed out, that in spite of the very great importance of 
spectroscopic methods, the interpretation of the data is not always un- 
ambiguous. For example, the dissociation energy of nitrogen has at various 
times been given as 268, 220, 206, 180 and 169-7 kcals. The latter figure, 


149 


THE STRUCTURE OF MOLECULES 


accepted by Herzberg? has recently been questioned by GAyDoN and 
PENNEY® who, by a reinterpretation of the same experimental data, arrive 
at the value 225:1 kcals. Thus of the values. of the dissociation energies of 
diatomic molecules which have been determined by spectroscopic methods, 
only about 60 out of the 250 are sufficiently accurate and unambiguous to 
be regarded as correct. It is unfortunate that carbon monoxide does not 
fall within this category since if the dissociation energy and hence the heat 
of formation of carbon monoxide were known exactly, it would be possible 
by means of the following thermochemical equations to determine accurately 
the heat of atomization of carbon which is of great importance in the 
calculation and interpretation of the bond energies of carbon compounds : 


Cys = C AH, 
O'= 40, 34H, 
Cuua + $0, = CO,, 4H; 
C+0O=CO,, AH, 


Since 4H, and 4H, are known, an accurate knowledge of the value of 
4H, would lead to a value of 4H. 

Table XXIX. Internuclear Distances The agreement between the data obtained 
for Halogen Molecules by spectrospcoic methods and by other physical 
= methods Is found to be excellent. For example, 
Internuclear distance in Table XXIX, the values of the interatomic’ 
A distances in the molecules Cl,, Br, and I, 

Molecule —_—_————_ . , ° ° 
Electron Obtained by spectroscopic and electron diffrac- 
diffraction tion methods are compared and the agreement 
———_|-————.__ 1s found to be within the order of accuracy of 

Cli 199 20, electron diffraction measurements, + 0-03A. 

i, 2-69 a6: Also the heat of formation of NaCl from thermo- 
——_—_____________— chemical measurements is 96 kcals, close to 
the value obtained from spectroscopic data of 98 kcals. 

Some relationship must exist between the energy of dissociation, the equil- 
ibrium internuclear distance go 
and the frequency of vibration, 
since the greater the value ofthe 60 
dissociation energy, the greater 
will be the frequency of vibra- 40 
tion and the smaller the inter- 
nuclear distance. Attempts to /20 
relate these quantities by an — 
empirical or semi-em, irical §/0° 
formula, however, have so far < 
failed. 2 

Homonuclear diatomic molecules— & 
The experimental data for 
homonuclear diatomic mole- go 
cules are summarized in Table 
XXX and Figure 31, where it is 20 
seen that amongst elements of 
the second period there is a 5 0 3077 OO sO ee 
progressive change in the values RRs: 


of the dissociation energy, 1.e. Figure 31. Dissociation energies of diatomic 
the bond energy, and the homonuclear molecules 
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frequency of vibration. The values increase from Li, to C, and reach maxi- 
mum values with N, and then fall again with O, and F,. These changes are 
paralleled by the variation of the internuclear distance which 1s shortest in 
N,, greater in O, and C, and greater still in the cases of F, and Li,. Such 
behaviour may easily be interpreted on the basis of the molecular orbital 
treatment. The orbitals concerned in this group of molecules are the zo, yo, 
xo, wo and vn of which the zo, xo, wz orbitals are bonding and the yo and 
ur orbitals antibonding. ‘The configurations of the molecules formed by 
the second group clements is as follows : 

Li, [KK(zo)?] 

B, [AK(z0)*(yo)?(xo)*] 

C, [KK (zo)*(yo)*(x0)*(wr)?] 

Ny [KK (zo)*(yo)?(xo)?(wr) 4) 

O, [KK(z0)*(yo)*(x0)?(wa) (um)? ] 

F, [KK (zo)?(yo)?(xo)?(wer) (um) 4] 
If we now assume that the yo and vm antibonding orbitals cancel the bonding 
of the zo and wm orbitals (see Chapter 7), we see that the effective number 
of bonding orbitals in these molecules, remembering that the wa and ua 
states are doubly degenerate, is: Li,, 1; B,, 1; C,,2; N,, 3; O,, 2 and 
F,, 1. Thus the bond energy should increase from Li, to N, and then 
decrease to F,, which is in agreement with the spectroscopic data given below. 


Table XXX. Dissociation Energies, Internuclear Distances and Vibration Frequencies of Homonuclear 


Diatomic Molecules 
Jee 
H4< 0°74 | 
L 4,405 
26 69 83 225°) eo 72 
Li,< 267 | — B,< —] C.< 1°31 N.< 1:09 | O¢ 1°21 F< 1'45¢ 
351 — 1,641 2,360 1,580 — 
17°8 116 <83 571 
Na,< 3°08 | — = = P54 1°89 S24 1°89 Cl, 4 1-99 
159 780 726 565 
11-8 (90-8 65 | 45°4 
K.{ 8 — — — As,<{ — Sex] 216 br, a8 
93 429 392 323 
11st 21 69 53 356 
Rb | — iCd,<{ — — — Sb,< — Tead #39 I,< 2°67 
57 — 270 251 214 
10°4 1°4 (14) | _ (39°6 
o,f = =~ Hes 38 = Pb, < — Bid = > =e 
42 36 = 174 
Th fi : di f bo : h di s ° . ; ° e 7 
siesta Bequeiey intense" Vapaibeanatdicanicraccica: dues ar eva eitcaley circus dine 


It is particularly interesting in this connection to notice that the dis- 
sociation energies of F,, OQ, and N, are very nearly in the ratio 1: 2:3. 
If we compare the properties of Li, and F, each of which have a single 
effective bond we should perhaps expect that owing to the increased elec- 
tronic repulsion in Fy, the dissociation energy of Li, might be greater than 
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that of F, ; actually this is not found to be the case, the bond in Li, being 
weaker: D = 26 kcals ; r, = 2-67 A, than that in F,: D = 64 kcals; 1, 
= 145A. The reason for this behaviour must lie in the difference of the 
two tonding orbitals, that in Li, being a zo orbital (i.e o 25), whereas in 
F, the effective bonding orbital is the xo (1.e. o2p,). The much greater 
overlap possible with » orbitals compared with an s orbital causes the 
difference in bond strength’. In this connection it is interesting te note the 
marked similarity in the values of the dissociation energies of F, and B,, 
since in both molecules the effective bonding orbital is the xo. A similar 
gradation of properties occurs amongst the elements of the succeeding 
periods of the periodic table. In every case the maximum values of the 
dissociation energy and of the vibration frequency, and the minimum 
values of the internuclear distances are observed with the elements of the 
fifth group, where the number of effective bonding orbitals has a maximum 
value and the molecules may be regarded as containing a triple bond. The 
shortest single bond is that occurring in H,: D = 103-2 kcals, r,= 0-74 A. 
vy = 4,405 cm~}, in which there are only two electrons, both existing in a 
bonding orbital. 

The absence of diatomic homonuclear molecules of the second group 
(Be,, Mgs, Gaz, Gr,;, and Ba.) is understandable in view of the fact that 
in the single atoms there are no unpaired electrons. The electronic con- 
figuration of Be, for example, would be: [KK(zc)?(yo)?] in which the 
bonding effect of the zo orbital is cancelled by the antibonding effect of 
the yo orbital and no molecule is formed. In order for a molecule to be 
formed an atomic 5s electron would have to be excited to a p state so 
that the molecule formed would have the configuration Be, [KK (zo)?(xo)?] 
in which both the zo and xo are bonding orbitals. The excitation energy 
involved, however, is too great to be compensated by the bond energy and 
such molecules are not therefore formed. 

Hydrides— The experimental data for the diatomic hydrides are sum- 
marized in Table XXXJ. In LiH, the internuclear distance is much less than 
in Li, which may be attributed to the fact that there is only one inner 
complete shell, that of lithium. In addition to the homopolar valence bond 
structure Li—H, the ionic form Lit H~ makes an important contribution 
to the resulting state of the molecule and will thus increase its stability. 
The reason for the existence of a negative charge on the hydrogen, which 
is unusual, is that the ionization potential of hydrogen, 312 kcals, is much 
greater that that of lithium, 123 kcals, and that hydrogen possesses a small, 
but significant electron affinity of 16-4 kcals compared with the zero 
electron affinity of lithium. These data all tend to show that the ionic form 
Lit H- is more probable than the alternative structure Li7 H+. The 
energy of dissociation is found to decrease progressively in the alkali metal 
hydrides from LiH to CsH, but the decrease is only from 58 kcals, in the 
case of LiH to 41 kcals for CsH, compared with the corresponding decrease 
from 26 kcals to 10:4 kcals in the homonuclear diatomic molecules (see 
Table XXX). The smaller proportional decrease in the hydrides may be 
attributed to the decrease in the ionization potential from lithium, 123°5 kcals, 
to caesium, 89:2 kcals, with the corresponding increase in the contribution 
of the ionic form Cs+ H~ to the state of the molecule. 

The hydrides of the second group of elements can only be formed by the 
initial excitation of an s electron to a p state. It will be noticed that the 
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vibrational frequencies are noticeably greater and the internuclear distances 
less than in the corresponding hydrides of the alkali mecals, a fact which 
may be attributed to the stronger bonding of a p compared with an s electron. 
But it is important to note that even so, the dissociation energies of corre- 
sponding elements of the two groups of compounds are very similar. This 
is due to the fact that energy is required to produce the initial excitation 
of the atoms from the s? to the sf state and the observed value of the dis- 
sociation energy represents the difference between the true dissociation 
energy and that required for the excitation of the atom. 

In boron hydride there is a noticeable strengthening of the bond compared 
with lithium and beryllium hydrides and the dissociation energy continues 
to increase in the series BH, CH, NH, OH, and HF. For boron and carbon 
hydrides, this increase of bond energy compared with the corresponding 
hydrides of the first and second groups will be due to the fact that the bond 
is formed by an unpaired / electron with a greater overlap with an s orbital 
compared with the extent of overlap of two s orbitals. The continued 
increase of the strength of the bond in the nitrogen, oxygen and fluorine 
compounds will be due to an increasing contribution of the ionic state to 
the resonance of the molecule. 

In the halogen group, the dissociation energy decreases from 104 kcals 
in HF to 63-4 kcals in HI. This is a much greater relative decrease than in 
the corresponding alkali metals where the decrease is from 58 kcals in LiH 
to 41 kcals in CsH. This is due to the fact that whereas the contribution of 
the ionic form M+H- to the molecular state increases from lithium to 
calcium hydride, owing to the increasing electro positive character of the 
metal, the contribution of the ionic state H+ Hal- to the halogen hydrides 
decreases from F to I, owing to the decreasing electronegativity of the 
halogen. 

Oxides and Nitrides— It is unfortunate that most of the dissociation energies 
of the oxides are not known with sufficient exactitude to permit any systematic 
study. However, on the basis of the data given in Table XXXII, it is possible 
to make a few tentative conclusions. The dissociation energies of the oxides 
are noticeably greater than those of the hydrides as is to be expected from 
the fact that the bond will largely possess double bond character and that 
there will be a considerable contribution to the state of the molecule from 
ionic forms. The shortest internuclear distances occur with the oxides of 
the fourth group elements of the periodic table : CO, SiO, etc, a fact which 
may be explained in the same way as the similar property of the homonuclear 
molecules of the fiith group N,, P,, ef, with which they are isoelectronic. 
Thus, employing the molecular orbital treatment, the maximum number 
of six bonding electrons in three molecular orbitals is characteristic of both 
groups of molecules, or in terms of the localized electron pair theory, reson- 
ance between three valence bond structures occurs : 

A=O At—O- ~= Or 
Since the ionic structures will make a greater contribution in the oxides 
than in the homonuclear atoms, the fact that the oxides of the group 
four elements have greater dissociation energies than the correspond- 
ing homonuclear molecules of the group five elements te. Doo>Dry,, 
Deo >Dp, etc, is explained. 

The ionization potentials of the elements of group four decrease from 
carbon to lead and it would be anticipated that the contribution of 


154 


SPECTRA OF DIATOMIC MOLECULES 


the form A~=O+ de- Table XXNIII. Dissoctation Energies, Internuclear Distances and 
creases in the same Vibration Frequencies of Diatomtic Nitrides 


order. Thus in PbO the 


a tere 92 (175) 22571 150 ! 
main contribution tothe px] 7" lon ry N,4 109 |NO4 115 
molecule will come from 2,069 2,360 1,906 
the structures Pb=O 


and Pb+—O-. __ f 104 138 115 
Very little data have SiN} 3r PN 149 suf 
so far been obtained for 7 east 
the nitrides and_ the 115 
known values are given AsN 4 — 
in Table XXXIII. An s | 58 
interesting comparison SbN< — jaan S 
may be made between = = 


the three compounds ee eee | ES eee eS 
CN, Ne and NO which The figures reading from top to bottom are the dissociation energy in 


contain 13, 14 and 15 keals, internuclear distance in A and vibration frequency in cm7! 
electrons respectively. The electron configurations of these molecules is 
as follows : 


CN [AK(z0)?(yo)?(xo)?(wr)*] 
N, [KA (zo)*(yo)?(xo)?(wz)*] 
NO [KK(z0)*(yo)*(xo)?(w2)*(u7)] 


The maximum number of bonding orbitals is present in N, (six electrons in 
three bonding orbitals) and in this molecule the dissociation energy and the 
vibration frequency are greater and the internuclear distance smaller, than 
in the other two atoms. The existence of an additional electron in the anti- 
bonding orbital ur in NO decreases the dissociation energy by 75:1 kcals 
whereas the absence of an electron in the bonding orbital wa only decreases 


Table XXXIV. Dissociation Energies, Internuclear Distances ee ay ae 
and Vibration Frequencies for Some Diatomic Molecules and the /MMortunately simular be- 
Corresponding Molecular Ions haviour 1s not observed in 


the case of SiN, PN and NS, 


103°2 61:07 25671 189 if the most recent data is 
H,4 0°74 | H,*4 1-06 | CO4 113 |(CO)+ 41-11 considered, and it may be 
| 


4405 2,297 2,168 suggested only tentatively 


2251 (201-3 | (150) -_ that the presence of an 
Nf 199 oe Nor (NO)+ { on electron in an antibonding 

2,360 2,207 | — orbital has a greater rela- 

meu iG me 64 tive effect than an electron 
of Fa Ont | wail i cay | ina bonding orbital. 

1,580 1,876 | 2,989 —_ Molecular tons— The data 
for some diatomic mole- 
| 
| 
| 


| 

| 80 83 : . 
| cH! rte (CH)+ 4 = cules and the correspond 
284 ing molecular ions, given 


go-8 46 
As, bearer As,+ —— 
429 314 


| in Yable XXXIV, show 

Tica ear 6 a 53 ,Jf74 that in certain cases the 

Clr 99 | ClyT4 1:89 | BeH{ 1-34 0 (BeH)™ 4 — strength of the bond in the 
565 645 2,058 | ee: ott 

, ion is stronger and in others 

The figures reading from top to bottom are the dissociation energy weaker than in the raat 

in kcals, internuclear distance in A and vibration frequency in cm! sponding molecule. This 
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apparently anomaleus behaviour, however, may be explained by the sequence 
of molecular orbitals. The bond in H,+ is much weaker than in H,, since 
in the ion there 1s only one bonding electron, whereas in the molecule there 
are two. Similarly there are six bonding electrons in No, as shown by its 
electronic configuration 


Np [AK (zo)?(yo)?(x0)?(wz) 4] 
N+ [KK (z0)?(yo)?(xo)?(w7)*] 
but only five in the ion N,*, thus explaining the weaker bond in the latter. 
A similar argument will apply to As, and As,t+. The case of CO and CO* 
has already been discussed in Chapter 7, but it should be pointed out that 
although the internuclear distance decreases and the vibration frequency 
increases on formation of the ion, indicating a strengthening of the bond, 
the dissociation energy has decreased considerably. 
With O, and Cl, the position is reversed and the bond in the ion is 
markedly stronger than in the neutral molecule as indicated by the increase 
in dissociation energy, decrease of internuclear distance and increase of 


vibrational frequency. The electronic configuration of these molecules and 
the corresponding ions is : 


Oz, [KK(z0)*(yo)*(xo)?(w7)S(um)*] 

O,* [KK (z0)*(y0)?(x0)?(w7) Som) ] 

Cl, [KKLL(zc)*(yo)?(xo)?(wa)*(v7} 4] 

Cl,+ [KKLL(z0)?(yo)?(x0)?(wr)*(um) 9] 
It is seen that, in both cases, on ionization an electron in the antibonding uz 
orbital is lost, and the bond strength is increased as shown by the experi- 
mental data. According to this argument the addition of an electron to O, 
to give the ion O,~, will bring about a weakening of the bond, since the 
additional electron must enter an antibonding orbital. The energy of the 
reaction O, = O + O7- may be calculated from the dissociation energy of 
O,, 117°2 kcals, the electron affinity of the.oxygen atom, 71 kcals, and the 
electron affinity of O,. The value for the latter has been given as 62 kcals 
by Welss® and as 18 kcals by KAzARNovsky®. The latter figure is probably 
the more accurate since it has been obtained from the lattice energy of 
crystalline KO, which consists of K+ and O,~ ions, whereas the calculation 
of Weiss involves certain assumptions concerning the value of the heats of 
hydration of ions. Using these values, the dissociation energy of O,~ is 64 kcals. 
Thus it is seen again (compare with NO) that the addition of an electron 
in an antibonding orbital weakens the bond more than the loss of an 
electron formerly in an antibonding orbital. 

For NOt only the internuclear distance is at present known. The value 

is less than for the neutral molecule, thus suggesting a stronger bond in 
NO?+ than in NO, in agreement with the molecular orbital formula 


NO [KK(zo)?(po)?(xo)?(wz)4(u7)] 
NO?+ [KK(zo)*(yo)?(xo)?(wz)4] 


which indicates the absence in the ion, of an electron in the vm antibonding 
orbital. 

The experimental data for the hydride ions is as yet insufficient for dis- 
cussion and furthermore, the electronic arrangement in the molecular 
orbitals is still somewhat in doubt. 
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Isotopic molecules— The determination, by spectroscopic methods, of the 
molecular constants of molecules and their analogues containing an isotope, 
gives interesting information concerning the dependencc of these constants 
on atomic mass. The greatest amount of data has been accumulated using 
one of the isotopes of hydrogen, deuterium of atomic weight 2, and these 
data are summarized in Table XXXV. It is clear that those properties 
which depend only on the electronic configuration and nuclear charge and 
are independent of mass, remain almost unaltered when deuterium is 


Table XXXV. Molecular Constants of Some Hydrides and Deuterides 


Reduced Dissociation | Zero-point| Inter- | Moment of | Force | Vibrational 
Molecule mass enerey energy* nuclear | inertia constant | frequency 
(atomic untts) kca keals ae ! cm—} 
103°22 6-18 0°74 4,405 
104-02 5°36 0°74 3,817 
105°02 4°39 0°74 3,119 
(58) 1°99 1-60 1,405 
(58) ; 05! 1-60 1,065 
47 1-66 1°89 1,170 
(51) 117 1‘B9 825 
80 4°01 1-12 2,824 
81 2°96 I-12 2,073 
101 5°29 0°97 3,728 
103°0 — 0°97 — — —_ 
102°1 4°21 1°27 2°61 511 2,989 
1034 3°03 1°27 5°08 = (2,091) 
63°4 3°24 1-61 4°31 3°11 2,309 
6-45 | 2°31 — — — —_— 


* Certain values of the zero-point energy have been calculated with allowance for the anharmonicity, by 
the formula E, =v, (}- fa) 


substituted for hydrogen. Properties dependent on mass, such as internuclear 
distance and force constant, however, change considerably on such sub- 
stitution. The moment of inertia J is related to the reduced mass m by: 


T= mt? = 172 see (8: 
Aa (8.4) 
and values for the deuterides are almost double those for the corresponding 
hydrides. The frequency of vibration will be expressed by v = (k/m)*/am 
where & is the force constant. This expression is obtained by combining 
equation 1.27 with 1.12 and 1.13, the displacement in this case referring to 
that of an harmonic oscillator and the mass m to the reduced mass. 


I xX I 2X2 _ 
I+ 1 2-+ 2 

Thus the vibrational frequency in H, will be 4/2 times greater than in D, 
in agreement with the experimental data. This difference in the value of 
the vibrational frequency also effects the zero-point energy, with the result 


that D,, which has the lower frequency of vibration, has a ground energy 
state which is 1:79 kcals below that of H,. The difference in the dis- 
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sociation energies is therefore due to the difference in the zero point energies, 
the addition of these two quantities giving the values 109-40 kcals in the 
case of H, and 109-41 kcals for ID,. For a similar reason the energy of 
activation in chemical reactions involving deuterium is greater than that 
of the corresponding reactions involving hydrogen. In addition to the 
influence of the lower ground energy level of deuterium, however, the velocity 
of the reaction will also be reduced by the smaller velocity of the heavier 
deuterium molecules. 

The differences in molecular properties for the isotopes of other elements 
is less marked than in the case of H, and D, where the ratio of the isotopic 
weights, with the exception of the case of hydrogen and tritium, is a 
maximum. 


ORTHO AND PARA HYDROGEN 


In 1927 HEisENBERG!” and Hunp!! deduced, by the methods of wave 
mechanics, that pure hydrogen is a mixture of two different types of mole- 
cules. This apparently surprising result is due to the fact that spin is not 
only a property of electrons, but of protons and neutronsalso. Inthe molecule 
of hydrogen, therefore, two orientations of nuclear spin are possible, 
the antiparallel | ¢ and the parallel | |. Corresponding to these two 
orientations, there are two distinct forms of molecular hydrogen ; that with 
antiparallel spins is called parahydrogen and that with parallel spins, 
orthohydrogen. By means of this theory it was possible to explain the 
alternating intensity of the rotational fine structure in the spectrum of H, 
observed by Mecke!? in 1924 and also the temperature variation of the 
heat capacity of hydrogen}%. It was a triumph for the quantum theory 
when in 1929, BONHOEFFER and HarTEcK!4, and EucKEN and HI tier}® 
were able to produce direct experimental evidence for the existence of these 
two forms. A detailed description of this work is given in the monograph 
of Farxas?!®, 

The complete wave function of the hydrogen molecule must describe 
the electronic orbital motion, the electronic spin orientation, the vibration 
of the nuclei, the rotation of the nuclei and the nuclear spin orientation. 
As a first approximation the various forms of motion must be considered as 
being independent of each other and the complete wave function may thus 
be represented as the product of five separate functions : 


l 2 3 4 9) 
‘i ( electronic | geese spin) nuclear | or sad eee pn 


orbital motion orientation vibration /\ rotation /\ orientation 


For the normal electronic state of the molecule, since Pauli’s principle must 
be obeyed, the entire function must be antisymmetric in the two electrons, 
1.¢. when the electrons are transposed, the sign of the wave function must 
change. Let us consider the symmetry of each of the above five wave 
functions with reference to the two electrons. The electron orbital motion 
function is (see Chapter 3), 


Hy = Poll) po(2) + po(1) $.(2) ....(8.10) 
which on transposition of the electrons gives 
1 = Po(2)po(1) + Yo(2) H0(1) -+ + (8.11) 
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and hence 

py = yo,’ cape (Bere) 
and the function is symmetric. The electronic spin function is antisymmetric 
and the nuclear vibration function, the nuclear rotation function and the 
nuclear spin orientation are independent of the electrons and hence sym- 
metric. The signs of the various functions after transposition of the electrons 


will therefore be : 
9 


1 2 3 4 #65 
eA) ae) =) 
The complete wave function, ¢, of the molecule is thus antisymmetric as 
required by Pauli’s principle. 

The Pauli principle must also apply to the nuclei so that the trans- 
position of the nuclei must lead to an antisymmetric function. Let us now 
consider the symmetry character of these functions with respect to the 
nuclei. Transposition of the nuclei in equation 8.10 gives : 


by” = Yo(1) o(2) + fo(1) Po(2) -.. (8.13) 
(note that the subscripts a and 6 have been transposed and not the numerals 
as in expression 8.11). Again ¥, = yf," and the electron orbital motion 
function is symmetric with reference to the nuclei. The electron spin 
function is independent of the nuclei and consequently symmetric. The 
nuclear vibration function will be symmetric for all vibrational states, inas- 
much as the variable 7, the internuclear distance, is unchanged on trans- 
posing the nuclei. The nuclear rotation and nuclear spin functions may be 
either symmetric or antisymmetric with reference to the nuclei. If one 1s 
symmetric then the other must be antisymmetric in order to produce a 
complete wave function that is antisymmetric. The theory of spin functions 
has already been discussed in connection with the spin of electrons and the 
same argument may be applied to protons (see Chapter 3). If the spins 
are oriented in an antiparallel manner as in parahydrogen then we have an 
antisymmetric function, 


a(1) B(2) — B(1)a(2) (8.14) 
where the symbol a(1) 8(2) indicates that proton (1) has a spin of + 4 and 
the proton (2) has a spin of — 4. The nuclear rotation function must in this 
case, be symmetric and on interchange of the nuclei we have the following 
distribution of the signs of the functions : 

}) 2 3 4 #6 
is) Ge) Oe) a) 
the full wave function ¢ thus being antisymmetric. When there is a parallel 
orientation of the spins of the protons (orthohydrogen) there are three 
symmetrical spin functions (see Chapter 3) v1z 
a(l)a(2) 
B(1) B(2) ? . ++. (8.15) 
a(1)B(2) + B(1)a(2) J 
The nuclear rotation function must now be antisymmetric and hence 
transposition of the nuclei must give rise to the following arrangement of 
the signs of the functions : 
1 2 3 4 #65 
Cn) Ce Ca) C=) =) 
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The solution of the Schrédinger equation for a rotating diatomic molecule 
shows that interchange of the two nuclei causes a change of sign if the 
rotational quantum number 7, is odd and leaves the function unchanged 
if 7 is even. Thus the rotational wave function is symmetric when 
FJ = 09, 2, 4, 6, ete and antisymmetric when 7 = 1, 3, 5, 7, etc. The energy 
of rotation is given by 


Ez = FF + WAhP2/8Br7 aaa (B.S) 
which may be conveniently written for the present purpose as : 
Bby=F(F +B .... (8.16) 
where 
B= h*/8r?7I 


Thus molecules of parahydrogen have values of the rotational energy 
equivalent to: 
0 2 4 6 8 
E; 0 6B 20B 42B 172B 


and orthohydrogen may have the energy values : 
J i 3 5 7 Q. sack 
E; 2B 12B 30B 56B 90B ....- 


The ortho and para forms of hydrogen thus possess different amounts of 
rotational energy (Table XXXVIJ, columns 2 and 3) and consequently 

; ib O le ak d 
different heat capacities since C = aT: 
the specific heat, such as thermal conductivity, will not be identical in the 
two forms and the method of their identification depends on this fact. 

At each temperature there will be a thermodynamic equilibrium between 
the two forms. At the absolute zero, the molecules must be located at the 
lowest energy level, i.e. J = 0, so that only the para modification is stable. 
At higher temperatures molecules may exist in both odd and even energy 
levels and in consequence both forms exist. The thermodynamic equilibrium 
between the two forms is governed by the Boltzmann distribution law. 
According to this law, the fraction of molecules NV; of the total number NV 
in the rotational state 7 is given by : 


N3z = N.pyexp (—£E3/kT) .... (8.17) 
where fp; is the statistical weight t.e. degeneracy and £3 the energy of the 


rotational state 7. In determining the statistical weight of each state it 1s 
necessary to consider separate degeneracies. Thus 


PI = Fro X opin eT (8.18) 
Each rotational state will have 27 + 1 orientations of the angular momentum 
in an applied field 2z: + 7, +7 —1,- O, sere ,—-Jti, —f, te. 

Soa = 27 +1 .... (8.19) 
For the spin degeneracy we have seen that for the antiparallel form (para- 
hydrogen) there is only one spin function (8.14) which corresponds to a 
value “Xs = 0 (equation 3.113). For the parallel form (orthohydrogen) 
there are three spin functions (8.15) corresponding to the values of Zs of 
+1, — 1, and o (equations 3.114, 3.115, 3.116 et seg). Thus the statistical 
weight of states corresponding to even values of 7 1s : 


Pom = 27 +1 ....(8.20) 
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and to odd values of 7 

Pjodd = 3(27 + 1) .... (8.21) 
The ratio of the number of molecules of parahydrogen to the number of 
molecules of orthohydrogen thus may be written : 


_tonig_ FSP (~ PNT) ELE ov (TIO + DART) 


jJ=i,35,7..- JTS, 
.... (8.22) 


B 


For the lowest level, 7 = 0 and (27 + 1) exp ( —F(F + 1) B/kT ) becomes 1; 


for J = 1,3(27 +1) exp ( — FF + r)BlkT ) becomes 9 exp ( — 2B/kT ) elc 
and hence 


1+ Sexp(— 6B/kT ) + 9exp(— 20B/kT ) + 13exp( — 42B/kT ) +. 


eee 
—_ 


3{ 3 exp (— 2B/kT ) + Texp (— 12B/kT ) + 1] exp (— 30B/kT ) + ~ 
SaaS. 2°) 


At high temperatures 8 is very small compared with £7 and B = 1/3. 
Thus the ratio is determined only by the statistical weights due to nuclear 
spin. The value of B may be obtained from spectroscopic data and is 
1'tg X 10714 gmcm? sec~*. The values of 8 calculated according to 
equation 8.23 at various temperatures together with the percentage of 
yarahydrogen are given in Table XXXVI. 

Ree Na a a ares Table XXXVI. Percentage of al eh al follies Temperatures 
equilibrium mixture, yor! Parahydrogen | T°K B | Parahydrogen 
containing 25 per cent per cent | | per cent 

of para and 75 per cent —_—— 


of orthohydrogen mole- pee |; 100 06262 ; 38-51 
cules. The transfer of 26-98 ee | ie | 28°54 
one modification to the a ont 
other does not generally 88-61 | 273. | 03357) 25713 
take place spontaneous- bes sa | 0°3333 | 25-00 


ly, but is a very slow 
process. This is ex- 
plained by the fact that the transfer from an even to an odd rotational level 
is accompanied by a change in the spin orientation, and according to 
WicNER! the probability of the transference occurring by the absorption of 
light radiation is insignificantly small. Thus when normal hydrogen is 
cooled, the original ratio of the ortho to the para form is maintained although 
the proportion of parahydrogen must increase slowly as the system is not in 
thermodynamic equilibrium. It was this constant rauo of the two forms 
that permitted DENNison?$ to explain the temperature change of the heat 
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Table XXXVII, Rotational Energy of Hydrogen capacity of hydrogen. In 
— : Ps ea Pe Table XXXVII are given 
ure ure squinbrium| Normat the energy of rotation of 

T°A | parahydrogen | orthohydrogen| mixture hydrogen 
keals keals keals keals the ortho and para forms 
me | séttogether with that of the 
O 0°00 83717 0-00 25288 equilibrium mixture and 
20 G-00 a a: 25288 of normal hydrogen. Even 
50 oe : ‘3 75794 at the absolute zero of 

100 0°56 8: 219°78 262°1 

ee gerige oe y temperature, therefore, 
200 290°22 393°59 366-76 367-75 both modifications exist 
273°1 | 473°34 50216 494°84 | 49491 although thermodynamic- 
2gU |) 3529242 546:92 54748 | 54247 ally orthohydrogen should 


have all passed into the 
para form. Each modification will be in the lowest possible energy state, 
1.¢. J = 1 for orthohydrogen and 7 = o for parahydrogen. The presence 
of the orthohydrogen at the absolute zero produces a residual entropy of 
4:39 kcals/degree/gm mol. 

The rate of conversion of orthohydrogen into parahydrogen may be 
accelerated by a catalyst such as active carbon, or paramagnetic ions and 
molecules. In the last case the transformation is presumably produced by 
the change of the spin orientation under the influence of the very strong 
heterogeneous magnetic field operating in the vicinity of the ion or molecule. 
This fact has been used to determine the paramagnetic susceptibility and 
to detect free radicals. 

Ortho and para forms are known for the molecules D,, N,, Cl,°° and 
Br,‘? in addition to H,. 
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VIBRATIONAL FREQUENCIES AND INTER- 
ATOMIC DISTANCES IN POLYATOMIC 
MOLECULES 


RAMAN, MANDELSTAM AND LANDSBERG EFFECTS 


THE ANALYSIS of the spectrum of a polyatomic molecule presents many 
difficulties since the motion of the nuclei in such a molecule is invariably 
complex. If the molecule consists of n atoms, each atom has three degrees 
of freedom and hence the total number of degrees of freedom of motion in 
space will be 3n. Of these, three will represent the translational motion of 
the molecule in space and another three will describe the rotation of the 
molecule about three mutually perpendicular axes. The remaining 3n-6 
degrees of freedom will be associated with the motions of the atoms relative 
to each other, which involve neither a translation nor a rotation of the 
molecule. There are therefore 3n-6 vibrational degrees of freedom, which 
will correspond to 3n-6 fundamental modes of vibration of the system. In 
the particular case of the linear molecule, e.g. diatomic molecules and such 
polyatomic molecules as CO, and C,H, there are only two degrees of 
rotational freedom, that about the axis joining the nuclei and that about 
an axis perpendicular to the line of centres ; the number of vibrational 
degrees of freedom will therefore be 3n-5. The energy levels of the molecule 
will be obtained by adding the energies of the 3n-6, or 3n—5 if the molecule 
is linear, independent oscillating systems. 

For the majority of simple molecules the normal modes of vibration may 
be obtained by a straightforward, if tedious, procedure and the motion of 
the atoms relative to each other obtained. In certain cases several normal 
modes possess the same frequency and the system is degenerate ; this point 
will be discussed later when we consider specific molecules. 

The oscillations of a polyatomic molecule may be divided into two types. 
First, the valency oscillation in which the atoms move in the direction of 
the line joining the two nuclei and in which only the internuclear distance 
changes during the course of the vibration. Secondly, the deformation 
oscillation in which the valency angle changes. Clearly diatomic molecules 
can only show vibrations of the valency type. 

The multiplicity of the modes of vibration and rotation considerably 
complicates the interpretation of experimental data, and little progress has 
so far been made with the analysis of the electronic spectra of polyatomic 
molecules. The study of vibrational-rotational (infra-red) spectra is less 
difficult and has led to the determination of interatomic distances, valency 
angles and vibrational frequencies of some of the simpler polyatomic 
molecules. 

The application and scope of infra-red spectra was considerably extended 
by the discovery by RamMAN and KrisHNAN and independently of them by 
LANDSBERG and MANDELSTAM, of what is now known as the Raman effect. 
When a beam of light passes through a gas, liquid or transparent solid, 
part of the light is scattered in all directions and if the incident light has a 
line spectrum, it is found that the scattered light contains exactly the same 
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frequencies as the incident beam. This scattering is termed Rayleigh 
scattering. However, on closer examination, by taking a spectrogram in 
which the lines due to Rayleigh scattering are strongly over exposed, some 
weak additional lines are found which do not appear in the line spectrum 
of the incident light. An examination of the frequency of the additional 
lines shows that each one of the original lines is accompanied by one or 
more lines of weak intensity and furthermore that the difference, 4 v, between 
the original frequency »,) and the frequency of the additional Raman line, 
v,1s independent of vgand dependent only on the nature of the scattering 
substance. 

If E, be the energy of the molecule before illumination by the incident 
radiation, then absorption of a light quantum hy produces a change in 
the molecule to an excited state with energy E£, : 

E, = Ey t hv ....(9.1) 
The molecule may now either return to the original level by emitting a 
quantum fy, or return to another level with energy £, by the emission of 
a quantum hy,. Thus: 


Eg thy = £, thr, eee (0;2) 
E, — Fo = hvg — Avy = hd ..+-(9.3) 


The resultant effect of the series of changes represented by equations 9.1 

and g.2 is the same as if the molecule, in the original state 
£,——1—1+——._ with energy Ey, had absorbed a quantum 4» and had 
| thereby becn transferred from the E, to the E, energy level 


or 


(see Figure 32). Raman spectra may be divided into two 
classes, large Raman displacements in which it is found 


aes that the value of 4 v corresponds exactly with the frequencies 

of band heads in the vibration-rotation spectrum, and 

smal] Raman displacements in which the value of 4 v agrees 

ae exactly with the frequencies of the lines in the far infra-red, 
é, 1+ ‘rotational spectrum. Thus both vibrational and rotational 
transitions may be studied by meansof the Raman spectrum 


: dae ae and since 4 y is independent of the frequency of the incident 

Raman efect | Yadiation, the measurements may be made in the wisible 

part of the spectrum. ‘The infra-red and Raman spectra 

are not, however, identical since the transitions which occur and which are 

responsible for the two different types of spectra are governed by different 
selection rules in the two cases. 

In addition to the frequency v, of the Raman line, which is smaller 
than that of the incident radiation vp, there is also a frequency vy, which 
is greater than vp» such that 

Vo — Vg == My — ¥y coed) 
This means that a quantum of light /v,, greater than the absorbed quantum 
hv , has been emitted. The explanation of this process is that the molecule 
was originally in an excited state and returned to a lower energy level 
after the absorption of light. The lines of smaller frequency than the 
incident radiation, which will be on the red side of the original line, are 
termed Stoke’s lines, whereas the lines of higher frequency, which will be 
displaced in the direction of the violet part of the spectrum are termed 
anti-Stoke’s lines. The intensity of the anti-Stoke’s lines 1s much less than 
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that of the corresponding Stoke’s lines, since it 1s less probable that the 
molecule will be initially in an excited state than in the ground state. 
The number of molecules in the ground state, with energy /£y and in an 
excited state with energy £, is governed by Boltzmann’s law and the 
intensities of the Stoke’s and anti-Stoke’s lines is given by the approximate 
relation, 


Tensi-suote's| {store's = Nx, /M x, = exp [ — (Ey, — Eq)/AT] = exp (— Ad vf/kT) 


.+.-(9.5) 

Certain aspects of infra-red and Raman spectra may be explained on 
the basis of the classical theory of light absorption and scattering. In 
order to interact with a stream of electromagnetic waves, a molecule must 
produce an oscillating electric field. Such homopolar molecules as H, and 
O, have no permanent dipole moment and hence during rotation and 
vibration no fluctuating field is produced. Thus homopolar molecules do 
not yield a rotation or a vibration-rotation spectrum. Molecules possessing 
a permanent dipole moment, however, will form a fluctuating electric 
field during vibration and rotation and therefore give infra-red spectra. 
It is possible that a molecule in its equilibrium position may have no 
permanent dipole moment but that on vibration a dipole is produced. 
This type of behaviour occurs in carbon dioxide. This molecule is linear 
and although each individual carbon-oxygen bond is polar, t.e. there is an 
equal negative charge on both oxygen atoms, the centres of gravity of the 
positive and negative charges are at the same point and the molecule as 
a whole is non-polar. 

Let us now consider in detail the possible modes of vibration of the 
carbon dioxide molecule. In the deformation vibration, the carbon atom 
is displaced away from the axis of the molecule in one direction and the 
oxygen atoms are displaced in the opposite direction (see Figure 33). 

eens pacha Tye 
Eguiidrium jf Mn a 


Position 


Oisptocement Positions 


Figure 33. Deformation vibration of carbon dioxide 


The previously linear molecuie is now bent and the O—C—O angle is no 
longer 180°. After attaining maximum displacement, the carbon and 
oxygen atoms return to the axis and are displaced in the opposite directions 
to those of the initial displacements. During the course of this vibration 
the centres of gravity of the positive and negative charges separate and a 
periodically changing dipole moment is produced. Light radiation of 
corresponding frequency may therefore be absorbed or emitted and this 
particular mode of vibration of the carbon dioxide molecule produces an 
infra-red spectrum. In the other two possible modes of vibration of the 
carbon dioxide molecule the molecule remains linear. In the first case 
(see Figure 34) both oxygen atoms move away from the central carbon 
atom along the molecular axis and then, after reaching maximum displace- 
ment, move back towards the carbon molecule. During the course of this 
symmetrical vibration no change of dipole moment is produced, the 
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molecule remaining linear and symmetrical. This mode of vibration 
therefore does not produce an infra-red spectrum. The third possible mode 


o——_®——0 +O———e——-0> 0 >—e--<0 


Equilibrium == = O—e—0 
Position Displocement Positions 


Figure 34. Symmetrical valency vibrations of carbon dioxide 


of vibration in the carbon dioxide molecule is shown in Figure 35, in 
which the molecule remains linear, but the vibration is not symmetrical, 
the carbon atom approaching one oxygen atom whilst receding from the 
other. This non-symmetrical vibration will give rise to a varying dipole 
moment and hence give an infra-red spectrum. 

Whether or not a particular vibration gives a Raman spectrum depends 
on a different basis. Under the influence of the incident radiation the 
molecule is polarized and executes forced vibrations. If a molecule is 


O-——-o———_O O--——@——"—_O-> +O———-@-><—3 
Eguilibrium O-—-@-—————_-0 O—————_-o—_O 
Position Displocement Positions 


Figure 35. None-symmetrical valency vibrations of carbon dioxide 


introduced into an electric field F, an electric dipole is induced into the 
system. The resulting dipole moment m is proportional to the strength of 
the field F and hence we may write, 

m= aF .. (9.6) 


where a is termed the polarizability. The varying electric field due to a 
light wave of frequency vy, is given by 


F = Fo cos 27 vot ~ea(9-9) 
where ¢ is the time. From equations 9.6 and g.7 it follows that, 
m = af) cos 2 vot ...-(9.8) 


During the course of the vibration, the internuclear distance, and conse- 
ouently the forces acting on the electrons, change. There is therefore no 
reason why we should assume that a remains constant during the vibration 
and to a first approximation for small displacements, we may write 
a=a,+a,x ... (9.9) 

where ap 1s the polarizability in the equilibrium position and a,x represents 
the change in polarizability during the course of the vibration where x 1s 
the displacement. For small displacements the molecule may be assumed 
to execute harmonic vibrations and consequently 

x = Xp COS Qrvyt ».+-(9.10) 
where v, is the vibrational frequency of the molecule. From equations 
9.8, 9.9 and 9.10 we obtain 

m = [a9 + a,x, Cos 27 v,t]Fy cos 27 vot 


= agl') cos 2 vot + a,F ox Cos 27 vy Lt. Cos 277 vot .. ++ (9-11) 
and employing the well known trigonometrical expression 
cos acos 8 = 3 cos (a + B) +4 cos (a — B) saya( Qr¥2) 
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we obtain 
Mm = agl) cos 2m vot + 4 a,lgty cos 2a( vg + ¥,)! 

+ 4 a, org cos 22( ry — v,)t os (9.13) 
Thus it is seen that m varics not only with vo, the frequency of the incident 
light, but also with the frequencies v9 + ¥, and vg — ¥,. The molecule 
will therefore emit radiation, not only with the frequency equivalent to 
the frequency of the absorbed radiation, but also with frequencies vg + », 
and vy — v,. This elementary treatment of the Raman effect shows that 
the appearance of Raman lines is to be associated with a change of 
polarizability during oscillation. A more detailed treatment of the Raman 
effect involves the use of a more complex expression than g.9 for the 
variation of a. 

If we now return to a further consideration of the symmetrical vibration 
of the carbon dioxide molecule (see Figure 34), it is seen that during the 
course of the vibration the carbon-oxygen distance changes and conse- 
quently the polarizability changes. Thus this mode of vibration which 
does not give rise to an infra-red spectrum, does produce a Raman spcc- 
trum. During the course of the deformation vibration (Figure 33), however, 
the polarizability does not change since the carbon-oxygen distance remains 
unaltered and hence this particular mode of vibration, although giving an 
infra-red spectrum, does not produce Raman lines. 

In the above discussion we have considered all the possible modes of 
vibration of carbon dioxide; according to the formula 3n — 5, these should 
be (3 X 3) — 5=4 in number. The four oscillations will be the sym- 
metrical, the non-symmetrical and two deformation vibrations. The 
deformation oscillation may occur in any plane passing through the axis 
of the molecule, but all such vibrations may be described by the projections 
on to two mutually perpendicular planes passing through the molecular 
axis. 


CHARACTERISTIC FREQUENCIES 


An extension of the methods described in the preceding section to com- 
plicated molecules presents many difficulties, and attempts to analyse the 
spectra and so determine the molecular constants has been found possible 
only for relatively simple molecules. For complex organic compounds in 
particular the complete analysis of the spectra has been found impossible, 
but information of considerable value may be obtained by following the 
change in the infra-red spectrum as certain groups are introduced into a 
particular molecule. This procedure makes possible the formulation of 
certain empirical rules and leads to the assignment to certain molecular 
groupings of characteristic frequencies which are generally independent of 
the structure of the remainder of the molecule. Thus, for example, in the 
spectra of all saturated mercaptans a line of frequency 2,570 to 2,575 cm™! 
is found to occur which is absent in the spectrum of the corresponding 
hydrocarbons. Furthermore, in the spectrum of the hydrogen sulphide 
molecule, there exists a line of frequency 2,578 cm7 and hence it ts con- 
cluded that the frequency 2,573 + 3cm™ is characteristic of the S—H 
link. In exactly the same way characteristic frequencies are found for the 
C=N and C—NHg, groups (see Table XXXVIII). The very small 
variation in the values of the frequencies justifies the conclusion that the corre- 
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Table XXXVIII. sponding molecular vibrations are charac- 
Characteristic Frequencies [cm~*] teristic of a particular bond or group and 
do not depend on the remaining part of 


Mercaptans| Nitriles | Amines the molecule. Such frequencies as those 


| ’ ul 

_—R {| RSH | RON | RNA2 given in Table XXXVIII are termed the 
CH, 2,572 | 2,249 3,372 | Characteristic frequencies of a particular 
C,H; 2,570 2,243 3,359 bond or group. A knowledge of these 
ea 2,575 2,244 oa7 characteristic frequencies will clearly be 
cH’, oe ape 337! most useful in the analysis of complex 
es : |________ spectra, and the assignment of particular 
Average | lines to certain groups. 

value 2.573 2,244 | 3,372 However, the use of characteristic 


frequencies must be carried out with 
care since variations of the characteristic frequencies from the normal 
value do occur in certain instances. Such variations are generally due 
either to the resonance of the molecule between valence bond structures 
or to the existence of relatively heavy atoms near to the bond concerned. 
For this reason it is preferable to refer to the characteristic frequency range 
of a particular bond. Many such frequency ranges are now known and 
are based on a considerable amount of experimental data. Thus, for 
example, frequencies greater than 2,500 cm 7! are characteristic of bonds 
involving the lighter elements ; the valency vibrations of the C—H bond 
lies in the range 2,800 to 3,300 cm}, the N—H bond at 3,300 cm—?, 
the O—H bond between 3,350 and 3,450 cin! and the S—H bond at 
2,570cm~+. The valency vibrations of bonds involving the heavier atoms 
have lower frequency values, and the deformation vibrations still lower 
values. Thus the vibrationsin — CH, and > CH,, in which the H—C—H bond 
angle is deformed, have values 
between 1,300and1,400cm~—}, Table XXXIX. Vibrational Frequencies of Multiple Bonds 
deformation vibrations ine —— 7 
volving the first carbon atom Molecule Bond Frequency 
of the hydrocarbon chain, 2.e. cm~" 
the C—C—H bond angle, he Triple bonds 
in the range 800 to 1,200 cm (6 bonding electrons) 

C=C 


and the deformation vibra- HCCH = 1,960 
tions of the carbon chain, 7.e. CO C=O 2,150 
the C—C—C bond angle, fall RCN CSN 2,250 
in the range 300 to 400 cm™}. Nitric oxide 

In diatomic molecules it (5, bonding electrons) 
was observed that the vibra- NO N=O 2,221 
tion frequency increased with 
the multiplicity of the bond tegee eo 
and similar behaviour occurs ,CCH, C=C 1,620 
in polyatomic molecules. The R,CO c=O 1,720 
frequency of the C—C bond CHsCHNOH = 11650 
lies in the range 800 to 1,200 CHsONO aes Se ee 
cm~? and increases to 1,600 Single bonds 
cm~? for the C=C bond and (2 bonding electrons) 
to 2,100 cm-}? for C=C, HsCCH, ae 5 990° 
similar behaviour is observed Co C_N pee 
in bonds between other atoms NH.OH’ N—O 1,000 


and the data are summarized 
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in Table XXXIX. On comparing the frequencies associated with different 
types of bonds between various atoms it is apparent that the vibrational 
frequencies of bonds of different multiplicity lie in certain frequency 
ranges. Thus the frequencies of single, double and triple bonds lie in the 
region of 1,000cm~}, 1,600 cm7! and 2,100cm7? respectively. Some of 
the bonds whose frequencies are quoted in Table XXXIX are not pure 
covalent bonds but contain a certain proportion of ionic character. The 
variable amounts of ionic character in different bonds will slightly alter the 
frequencies but, nevertheless, it 1s seen that the frequencies remain within 
the same region and the assignment of particular values or ranges of values 
to a particular type of bond is not invalidated. 

We shall now discuss various types of bonds and consider how the 
vibrational frequency changes with changes in the rest of the molecule. 


The carbonyl group—Compounds containing the carbonyl group have 
been the subject of many investigations and a considerable amount of 
experimental data has accumulated concerning the vibrational frequencies 
of the C=O bond. In a series of saturated ketones the value for the 
frequency of 1,710 crn~! remains constant irrespective of the chain length ; 
similar behaviour has been observed in the saturated aldehydes where the 
frequency is slightly different, being 1,720 cm71. Similar constancy of the 
vibrational frequency is observed in many other compounds, ¢.g. carboxylic 
acids, esters and acid chlorides (see Table XL). Let us compare the values 
for the ketones, the carboxylic acids and the acid chlorides. In the car- 
boxylic acids the frequency is noticeably lowered in comparison to the 


Table XL. Vibrational Frequency of the C==O bond (cm?) 


R | RCOCH, | RCHO | RCOOH | RCOOCH,| RCOOC.H, | RCOCI 
CH, 1,706 : 1,715 1,663 1,736 1,736 1,798 
C,H, 1,711 | 1,722 1,651 1,735 1,73! 1,786 
n-CsH, 1,710 1,718 1,654 1,734 1,731 1,791 

tso-C3H, 1,709 1,721 1,649 |! = 1,733 1,729 = 
n-C,H, 1,709 1,717 1,652 1,732 1,731 1,792 
tso-C,H, 1,709 1,717 1,652 1,732 1,734 an 
sec-C,H, 1,708 1,718 1,646 | 1,732 | 1,728 —_— 
tert-C,H, 1,702 1,721 1,645 1,729 1,728 — 
n-C,Hj, 1,709 1,720 1,653 1,738 1,734 = 
1s0-C 5H}, 1,709 1,720 1,653 1,738 1,734 1,794 
sec-C,H), 1,701 1,725 1,643, 1,728 1,721 — 
n-C,Hij5 1,710 1,721 1,654 = = 1,737 1,732 = 
n-C,H,; — 1,723 | 1,652 1,734 | 1,737 — 
n-C,H,, os 1,721 1,654 1,736 = ae 
n-C,H, | 1,710 | 1,722 ! 1,649 1,737 = | = 


ketones : 1,650 cm 7! instead of 1,710cm7!; in the acid chlorides it is 
raised to 1,790 cm7}, In the ketones there is a bond resonance in the 
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carbonyl group between the valence bond structures > C=O and 
> C+t—O-, molecular resonance involving the structure 


R 


Cc—O- 
po 
H,C 
Ht 
making a smaller contribution. In the acid chlorides, the strongly electro- 
negative chlorine atom may be regarded as competing with the oxygen 
atom for the negative charge and new valence bond structures occur which 
contribute to the final state of the molecule. Apart from the resonance 
in the CO and CCl bonds we shall have the following structures : 


O- O 
/ VA 
R—Ct+ R—C+ 
x 
Cl Cl- 
I I 


and also a new type of structure in which the chlorine is negative, not 
with reference to the carbon as in JJ, but with the oxygen, 


Or 


Cl- 
Il 
Thus the CO bond becomes partially a triple bond and experimental data 
(Table XXXIX) show that as the multiplicity of a bond increases, so also 
does the vibrational frequency of the bond, in agreement with the results 
in Table XL. In addition to the above three valence bond structures, 
there will also be a contribution from structure JV, 


IV 


but in view of the greater electronegativity of chlorine compared with 
oxygen this structure is less probable than the structures J, //, and JJ. 

In the carboxylic acids an additional valence bond structure occurs. 
Because of the contribution of the structure VJ, 


O O- 
"A 
—C R—C 
‘on O+—H 
V VI 
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the single bond character of the carbonyl group is increased, with the 
result that the vibrational frequency is decreased. 

In the anions of the carboxylic acids 
the characteristic carbonyl frequency 
is absent although a characteristic 
frequency of 1,350 to 1,400 crn7}, 


Table XLI. Vibrational Frequencies in 
Carboxylic Actds and Corresponding Antons 


aoe ‘ pees present in the acids is retained (see 

——_—_—_}______ —____,_—_—— Table XLI). This is evidently due to 

oon 1,400 , — 1,657. the fact that in the anions, both 
oma 1,351 —— Bre ‘oe 44 , 

: 1436 | 1,666 OxYgeNS are equally charged and the 


CEO. a | 1413 _ two carbon-oxygen bonds are identical 


and equivalent to 1:5 bonds. The two 
structures V/J and VIII will thus 
contribute equally to the structure of the molecule : 


O O- 
w fe 
R—C R—C 
s \ 
O- O 
Vil Vill 


In gaseous formaldehyde and also in strong solutions of the sodium 
salts of carboxylic acids, frequencies of 1,768 cm—! have been observed. 
Hi1ssEn! and KriscHNAMURTI® noticed that in dilute solutions this frequency 
decreased and there was a certain similarity of the spectrum to that of 
glycol. These authors have proposed that during the dilution process the 
formation of CH,(OH), occurs. 


In Table XLII the values 
of the vibrational frequency Table XLII, Vibrational Frequencies of Carbonyl Group in 


of the carbonyl group in Molecules of type R,CO R, (em—') 
molecules of the type 


R J R: 

x . * | NH, ! C.H, | H | OC.H,! Cl 
4 NH, 1,655 ! 1,652 1,675 1,692 } 1,731 
R, C,H; —_— | 1,653 1,696 1,715 1,768 
H = ais = i, = 
are given, and the observed 9¢,H, a = ee 1,772 
frequencies are in agreement Cl —- | — | — — 1,810 

| 


with the resonance struc- 
tures of the corresponding 
compounds. In urea, (NH,),CO, a considerable lowering of the frequency 
is observed on account of the contribution of the structure /X to the 
resonance of the molecule. 


CcC—O- 


Ye 
NH, 


[X 
This view is supported by dipole moment measurements and by other 
properties. The highest frequency of the carbonyl group exists in phosgene, 
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COCIl,, in which structures X and XIJ containing a triple carbon-oxygen 
bond contribute to the molecule. 


Ot Ot+ 
Vy, V 
Cl—C -Cci C 
ss 
Cl- Cl 
xX XI 


The groups OH, NH, and C,H; increase the contribution of structures 
containing a single carbon-oxygen bond, C-—-O-, thereby lowering the 
frequency. On the other hand, the presence of chlorine, as in phosgene 
increases the contribution of the triple bond structure, C=Ot, and the 
frequency is thereby increased. It is interesting to note that in the molecule 
NH,COCI, the negative charge is shared between the —NH, group and 
the chlorine atom, with the result that the vibrational frequency of the 
carbonyl group is raised to a less extent than in the other cases discussed 
above. 

In acetophenone C,H;COCHs, the frequency of the carbony! group has 
the value 1,684 cm—} which is lower than in the case of acetone 1,706 cm}. 
This will be due to the contribution of the structure X/I, thus increasing 
the single character of the bond. 


Se 
C 
| 
WA, 
J 
In acetyldurene X/IIJ and acetylmesitylene XIV : 


H,C O H,C O 
\ 7 V7 


CH, 
ALIl AIV 


the frequency (1,699 cm!) is not decreased to any significant extent, 
although 1t would appear that similar resonance structures involving the 
ring system would contribute to the structure of the molecule. However, 
conditions for resonance incorporating structures of the type X/I are most 
favourable when the carbonyl group is in the plane of the ring. Only 
under these conditions is the transfer of the z electrons at a maximum. In 
acetyldurene and acetylmesitylene, the methyl] groups in the ortho position 
prevent the acetyl group from lying in the plane of the ring, the orbitals 
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of the w electrons are thus not parallel and the electron transfer is made more 
difficult. Thus structures of the type Y// make a much smaller contribution 
to the structure of the molecule in the case of acctyldurene and accty|- 
mesitylene and the frequency of the carbonyl group is therefore greater 
than in acetophenone. In mesitylaldchyde, 


H O 
\ 4 
C 
H,C CH, 


Hs 
AV 


the aldehyde group has been shown to be in the plane of the benzene 
ring‘, resonance structures involving the ring will thus be possible in 
agreement with the low value for the frequency of the carbon-oxygen 
bond wiz 1,687 cm7?. 

The structural formula of betaine is often given as 


AVI 


involving a four membered heterocyclic ring and a pentavalent nitrogen 
atom. However, a dipolar ionic zwitterionic structure XVJJ is more in 
accordance with modern views and furthermore is in agreement with. 


O 


4 


Ve 
(CH,),N*+CH,—C’ 


O- 
AVIT 


the insolubility of betaine in aprotic organic solvents and its marked 
solubility in water. If the cyclic structure XVJ were correct, the spectrum 
should contain the characteristic frequency for the carbonyl group. In 
the case of the dipolar ion structure XVJJ, the carbon-oxygen bond would 
be equivalent to 1-5 bonds and the characteristic frequency of the carbonyl 
group should be absent. Experiment has shown? that in the spectrum of 
betaine there is no line with a frequency of 1,700 cm™}, although lines are 
found with frequencies of 1,336, 1,394 and 1,416cm7—}. Evidently the dipolar 
ionic form represents the correct structure. In the same manner, 
amino acids exist in the zwitterionic form *NH,RCOO7- and give spectra! 
lines at 1,330 to 1,360 and 1,410 to 1,420cm7~). Qn conversion to the 
corresponding hydrochloride, the intensity of the first group weakens 
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Table XLIH. Vibrational Frequencies in Amino and the second group disappears 


Acids and Derivatives (see Table XLIII)®. 
The spectrum of betaine thus 
Molecule ss acd reveals a marked similarity to that of 


the carboxylate anions and differs 


| 
+NH,CH,COO- — 1,331 eer 1,412 considerably from the spectra of com- 
CINH,CH,COOH 7 | 1,315 ne pounds containing a carbonyl group. 
GINH,CH(CH,)COOH | ee | 1419 This example illustrates the use 
+NH,CH(C,H,)COO- ace ee of Raman spectra in the solution of 
CINH,CH(C, iW cooH . 1,363 — structure problems. 
The double bond, C=C — The double 


bond in ethylene and in substitution 
products of ethylene gives a Raman spectrum in the region 1,600 to 
1,680 cm-!. In ethylene the value is 1,620 cm—}, and on the introduction 
of methyl groups into the molecule the frequency increases, as shown in 
Table XLIV. In the di-substituted compounds the values for the cis and 
trans forms are different from each other and different from that in which 
both methyl groups are attached to the same carbon atom. This distinction 
may be used as a method of distinguishing between isomers. 


Table XLIV. Frequencies of Some Ethylenic Hydrocarbons 


Molecule Frequency | Molecule Frequency 


cem—} ema} 
CH,CH=-CH CH, cis 1,669 | i 1,679 
) CH, 
CH,CH=CH CH, trans 1,681 
CH, ea yo 
C=CH, | 1,654 Pa 1,674 
ye 
CH, | CH, CH, 


In the monosubsti- 
tuted ethylenes (Table Table XLV. Frequencies of Some Monosubstituted Ethylenes 


XLV), there is very 

little change in the Molecule Frequency Molecule Frequency 
* —1 —1 

frequency as the size of oe us 

the substituent group is C,H,CH=CH, | 1,642 || C,H,,CH=CH, 1,642 


increased and it would ott ea 1,642 C.HyCH CH=CH, rea 

i - = 1,042 = 1,049 
appear that with propy- Gay i,| 1,642 || CH,;CHOH CH=CH, 1.646 
1,642 


lene the maximum shift OH CHOCH. 


of the frequency had 
been attained. How- 
ever, there are a number of substituent groups which lower the value of 
the frequency by an appreciable amount (Table XLVI) and it would appear 
from the nature of such substituents that this change is associated with the 
contribution of valence bond structures to the resonance of the molecule 
in which the ethylenic bond has single bond, rather than double bond 
character. In the lowering of the frequency, the mass of the substituent 
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group may play an important part and a semiquantitative treatment for 
the halogen vinyl compounds’ has shown that approximately one third of 
the frequency shift can be attributed to the influence of mass and the 


Table XLVI. Raman Frequencies in RCH=CH, Compounds 


R Alternative structure Frequency | Frequency lowering 

cm7} | compared to CH,CH,=CH, 

ee es 
C,H, +CH,—CH= 1,631 | — 16 
C=N +CH,—CH=C=N- 1,608 | — 39 
Cl —CH,—CH=Cl+ 1,608 — 39 
Br —-CH,—CH=Brt 1,598 — 49 
C=CH +CH,—_CH=C=C-—H 1,595 — 52 
I —CH,—CH=I+ 1,58 | — 66 


-CH,—CH=O+—C,H;, 1,635 


remaining two thirds to the resonance effect. Resonance in vinyl com- 
pounds between, for example, the valence bond structures : 


CH,—=CH—Cl and ~CH,—CH=Cl+ 
is supported by the observed increase of the carbon-carbon distance, the 
decrease of the dipole moment in comparison with the saturated com- 
pounds and by the change of chemical behaviour. Where the resonating 


groups are separated by a group which cannot partake in the molecular 


resonance the characteristic frequency of the ethylenic group is retained 
(Table XLVII). 


Table XLVII, Ethylenic Bond Frequency where Resonance Cannot Occur 


Molecule | Molecule 


Frequency Frequency 
cm~* cem—} 
CH,=CHCH ,OCOCH, 1,649 CH,=CHCH,Cl 1,640 
CH,=CHCHOHC=CH 1,646 CH,—=CHCH,Br 1,635 
CH,—=CHCHOHCH=CH, 1,646 | CH,=CHCHBrCH, 1,638 
CH,=CHCH,C=CC,H, 1,642 CH,=CHCH,C,H, 1,642 


CH,=CHCHCICH, 1,640 | 


Molecules containing both ethylenic and carbonyl groups and in which 
resonance may occur, show a change in the multiplicity of both the CC 
and the CO bonds. Both give reduced Raman frequencies (Table XLVIIL), 
indicating an increase in single bond character. Organic radicals are 
found to have the following sequence in their effect on the frequency of 
the ethylenic double bond : 


COOH < COOC,H,; < OC,H; < CgH;, << CHO < 
< Cl < COC] < CN < Br < C=CH <I 

Similar general behaviour is observed with the poly-substituted de- 
rivatives of ethylene ; if only one of the substituent groups 1s effective 
in changing the resonance of the molecule, the change of frequency of the 
double bond is analogous to that observed with the corresponding mono- 
substituted derivative. If several of the substituent groups or molecules 
participate in the resonance of the molecule, however, the problem 1s more 
complex and empirical relationships can no longer be formulated. 
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Table XLVIII, Frequency of C=C and C=O Bonds in Molecules of the type CH,=CHR 


gp rm | TD AS | ce TAIT | eT SS EOS | ces A SEES 9 LC SS STEED 


R Alternative structure 
OH 
/ 
COOH +CH,—CH=C 
O- 
OR 
yy 
COOR +CH,—CH=C 
O7 
H 
CHO +CH,—CH=C 
O~ 
| o- 
| 


Coc! 


ff 
+CH,—CH=C 


O 


We 
+CH,—CH=C 


Ci- 


1,635 


1,618 


1,609 


| 
| 
| 
| 
| 


S¥e=0 Yom 
—10 1,657 
—12 1,720 
—29 1,692 
—38 1,752 

| 

| 

| 

| 

| 

| 


—34 


Allene, CH,=C=CH,, and its derivatives are an exception among 
compounds containing a carbon-carbon double bond, in that there is no 
Raman frequency in the range 1,600 to 1,680 cm™’, although characteristic 


frequencies occur in the region 1,080 to 1,130 cm-}, 


This may be ex- 


plained by the fact that the vibration of two carbon atoms, as in the double 


Table XLIX. Raman Frequencies of Triple Bond, C=C 
ee 
| 


Molecule 


CH,C=CH 
C,H,C=CH 
(CH;),CHCH,C=CH 
C,;H,,CG=CH 
C,H,;C=CH 
CH=C(CH,) ,;C==CH 


C,H,CH,C=CH 


CH,OCH,C=CH 
CH,OHC=CH 
(CH,),(OH)CC=CH 


Frequency 


cm7} 


2,123 
2,121 
2.118 
2,118 
2,119 
2,119 


2,120 


2,118 
2.118 
2,120 


| 
: 


| 
CCHasomeomcn | Sime | (GHuoeO con | Sab 


Molecule 


CH,C=CCH, 

C »H,C=CCH, 
CH, C=CCH, 

C \H.C=CCH, 
C;H,,C=CCH, 
C:H,,C=CCH, OH 


CH; 


C,H, ,C=CCH 


OCH; 


(C,H, ,C=C),CHOH 
(C,H, ,C=C),COH 
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bond C=C, cannot occur in this molecule and will be replaced by the 
valency vibration of all three carbon atoms. 

The triple bond, C=C — The Raman frequency of the triple bond in 
acetylene is 1,960 cm~!, on monosubstitution this value is increased to 
about 2,120cm~! and with the di-substituted derivatives is raiscd to 
approximately 2,235 cm! (see Table XLLYX). 

Bonds involuing Nitrogen— The C=N bond has a Raman frequency of 
approximately 2,250 cm7? in saturated aliphatic nitriles. In C,H,CN, 
however, owing to the contribution of the valence bond structure with a 
double bond between the carbon and nitrogen : 


N- 


AN 
+ 

the frequency is lowered to the value 2,227cm7!. In the molecule 
C,H,CH,CN, where molecular resonance involving the benzene ring can 
no longer take place, the frequency has the value of 2,252cm7!. A 
comparison of the nitriles and the isonitriles shows that different valence 
bond structures in which the charge on the nitrogen molecule is different 
contribute to the resonance of the molecules. The frequency of the CN 
bond in CH,NC is less than in CH,CN by over roocm7! (CH,CN, 
2,261 cm-! ; CH,NC, 2,146 cm!) which can only signify that the contri- 
bution of the structure containing a double bond, viz R—N=G, 1s greater 
in the isonitrile than in the nitrile, where a separation of charge occurs 
viz R—Ct=N-. 

In the aliphatic nitro derivatives, Raman frequencies characteristic for 
the nitro group occur at 1,383 cm7! and 1,555 cm7!. These values are 
between those observed in compounds containing a single N—O_ bond 
(approximately 1,000 cm7!) and those containing a double N=O bond 
(approximately 1,640cm71). In nitrobenzene these characteristic fre- 
quencies are lower, being 1,345 cm-! and 1,523 cm—! respectively, which 
is most probably due to molecular resonance with the benzene ring and 
the contribution of the structure : 


O- O 
Ne. 
N+ 
A 
NY, 


in which the nitrogen-oxygen bond is single. In nitromesitylene the 
corresponding frequencies are 1,363 cm—! and 1,523 cm7). The slight shift 
in the direction of the frequencies of aliphatic nitro compounds has been 
interpreted? as indicating that the methyl] groups in nitromesitylene prevent 
the nitro group from lying in the plane of the ring, thereby reducing the 
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molecular resonance. This view is supported by the dipole moment data 
(see Chapter ro). 

In dimethy] nitrosamine the molecule may be represented as a resonance 
hybrid of the two structures : 


CH, CH, 
\ 
N—N=O and N+=N—O- 
/ 
CH, CH, 


and hence both the NN and the NO bonds will possess double bond 
character. This view is in agreement with the existence? of a Raman 
frequency of. 1,399 cm™! which lies between the single and double bond 
frequencies of the NO bond (see above). 

Applications of the Raman effect—In the above discussion we have seen 
that the so-called characteristic frequencies may vary, being dependent 
on the nature of the bond and on the adjacent atoms or groups. Never- 
theless, the spectra of homologous substances have many similarities and 
this fact may be used for analytical purposes. Thus impurities in, for 
example, pure hydrocarbons can be readily detected by Raman spectra. 

The differences in the Raman spectra of cis and trans isomers may be 
used to identify these forms. As a result of the greater symmetry of the 
trans isomer, the number of degenerate vibrations is greater and hence 
there are fewer spectral lines than in the case of the czs isomer. 

One of the earliest 
applications of the 
Raman effect was to 


Table L. Raman Frequencies in Acetoacetic Acids 


Molecule ss peice keto-enol tautomerism. 
ne eae a ere ee eA ee Sa Thus in the case of 
CH,COC(CH;),COOCH, — — |1,710 acetoacetic ester, a 
CH,COCH(CH;)COOCH; 1,595| — |1,718 characteristic frequency 
Cre CH -COOCHs.. __ | 15595 | 15655 | 15723 corresponding to that of 
CH;,COCH ,COOCH sin hexane solution | 1,602 | 1,641 | — Pp cf 


the C=C bond is ob- 
served. In the keto 
form, CH,COCH,COOC,H,, such a bond does not occur, nor does such 
a bond exist in the hydrolysis products (acetone, CH,COCH, and ethyl 
acetate, CH;COOC,H;). The presence of this frequency shows that in 
acetoacetic ester the enol form, a aa must exist in 
OH 
equilibrium with the keto form. In dimethylated acetoacetic ester, 
enolization cannot occur and the only observed frequency is that 
characteristic of the carbonyl group (see Table L). The monomethylated 
derivative shows a weak Raman line at 1,595 cm7}, which is a frequency 
corresponding to the double bond C=C, together with the frequency for 
the carbonyl group. The solution of acetoacetic ester in hexane gives a 
Raman spectrum in which there is no line corresponding to the carbonyl 
frequency and it must therefore be concluded that this solution consists 
mainly of the enolic form. 
Raman spectroscopy has also been used to identify the intermediate 
products of exchange reactions. Thus, for example, in the mixed crystal 
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of SnCl, and SnBr,y new lines occur, which have been interpreted as 
indicating the existence of SnBr,Cl, SnBr,Cl, and SnBrCls. 


INTERATOMIC DISTANCES 


For a number of comparatively simple polyatomic molecules the inoments 
of inertia and hence the internuclear distances may be calculated from the 
rotational fine structure. In addition to the spectroscopic method, inter- 
atomic distances and valency angles may also be determined by x-ray and 
electron diffraction. Thus an exact quantitative picture of the molecule 
may be made whenever it has been possible to make the necessary calcu- 
lations. In those cases where the same quantity, ¢.g. the interatomic 
distance, has been determined by more than one method the agreement 
between the two values is generally found to be good. 

The CC bond — The considerable amount of data that has accumulated 
for various interatomic distances, show that it is almost a constant quantity, 
almost independent of the nature of the adjacent atoms or groups but 
dependent on the multiplicity of the bond. This conclusion is illustrated in 
Table LI for the single bond, C—C, which for a wide variety of substances 
is found to have an interatomic distance of 1-54 A. In the double bond, 
C=C, the four bonding electrons hold the atoms together more strongly 
and the interatomic distance is reduced to 1:34 A. (Values for : ethylene, 
1:34 A ; stilbene, 1-33 A ; benzophenone, 1°32 A; ketene, 1:35 A; allene, 
1-34 A). In acetylene, with six bonding electrons, the internuclear distance 
is 1:20 A (values : for diacetylene, 1:20 A ; dibromacetylene, C,Bry, 1-20 A ; 
di-iodoacetylene, C,I,, 1:18 A ; and in monohalogen derivatives, HC=CHal, 
1-20 A). 

As has been shown 
previously some links 
cannot be regarded 


Table LI, Single Bond Carbon—Carbon Distances 


| 

; ; Interatomic || Interatomic 

simply as pure single or | 
A ! Aa} 
pure double bonds, but folecule a folecule distance 
are of an intermediate ———____ ee ee ee eee eee 
type. In benzene for Diamond 154 | Butylbromide 1°55 
example, the bondshave thane r55 | Nonacosane P54 
double: bond Propane 1°54 | Paraldehyde 1°54 

oo Pee cemt Isobutane 154 °' Metaldehyde 154 
character and the value n-Pentane 1°54 | trans-2, 3-Ethoxybutane 154 
for the interatomic 
distance is 1-40 A, which hie 1°53 Bhi is a 1°54 
ts Wetaveens the -walues: ° opentane 1°52 etrahydrofuran 1°54 


. Cyclohexane I 
for a single and a double sf | ee 


bond. In cyclic mole- 
cules similar to benzene, e.g. pyridine, pyrazine, pyrrole, thiophene, 
dibenzyl, tetramethylbenzene, naphthalenc, anthracene, chrysene, hexa- 
chlorbenzene, eic, the value for the interatomic distance of the cyclic 
carbon atoms varies only between 1-39 and 1-41 A. In quinone, 


<0 


where the double and single bonds are fixed, x-ray data show that the 
double bond distance is 1-32 A and the single bond distance 1-50 A. 
There exist a number of compounds in which the distance between two 
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adjacent carhon atoms is less than 1°54, although in the structural 
formula the links are represented as single bonds (Table LIT). This 
alteration of the bond length is due to the fact that alternative valence 
bond structures contribute to the state of the molecule. In these alter- 
native valence bond structures, bonds normally represented as single bonds 
appear as double bonds and thus in every case, owing to the partial double 
bond character of these links, the interatomic distance is less than the 
accepted value for the single bond, C—C (1°54 A). 


Table LII. Carbon-Carbon Distances in Resonating Molecules 


Interatomic Example of alternative 
Molecule Bond distance valence bond structure 
CH,—CH—CH=CH, HC—CH | 1-46 CH,—CH=CH—CH, 
: SANNA ce tats tiated ata : 
| = 
lle 2—3 1-46 — 
\Z | SF 
CH=C—C=CH C—C 1-36 CH=CH=CH=CH 
| a ates useage ndectaae : 
N=C—C=N CcC—C 1°36 N=C=C=N 
C,H ;CH= CHC,H 5 | Cir r | °44 < >=cH cHx< > 
C,H ;c= CC,H; Car Ca I °40 Maen —: 
Na ee. 
CH;C=CH C—CH; 1-46 +H CH,=C=—CH 
C—CH 46! = 
CH,C=C—C=CCH; C6 | aa | +H CH,=C=C=-CCH, 
HC=C—CH,Hal C—C 1°47 +CH=C=—CH,Hal 
2 3 
VIN Oa, 
2— 1°46 = Wa 
Nee ‘ 3 4 | 4 
PY EK ” a 
1 ‘ 1 4 2—3 <> 
“ Z We YF 
S ‘ S 4 une St 
| | 
H H 
an 6 OO 
I—2 1'4 
| Wd 


+H CH,—C=C”-—CH=CH, 


H,C—C=C—CH=GH, 


eooaeenereovraveer® 


Hl 
i 
fe 
en 

| 

< 

i) 
fe 
= 

| 
eee @) 
| 
0 

ll 
O° 
i 
0 
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Although most of the data given in TVadble LIT has been confirmed, 
there is still some doubt about the value for the Cagyprsie—Caromarte bond 
in methylbcnzencs and stilbene. The older data show sinall values for 
Couipsate—Coaremae bonds in polyphenyls and in durene, but more rccent 
measurements on hexamethylbenzene® show that the length of this bond 
is 1:53.A. Furthermore, there is some doubt as to whether the distance 
between the benzene rings in diphenyl is less than the bond length of a 
single C—C bond. 

The dependence of bond length on the bond multiplicity, however, 1s 
not quite so simple as might be imag‘ned from the data given above. This 
complexity may be illustrated by a moic detailed examination of diacetylene, 
HC=C—C=CH. The bond length in the ‘ single ’ 2-3 bond is less than 

1 2 
a normal Sale bond having a value of 1-36 A, i.e. it has been lowered 
almost to the value for a double bond. We may consider that this has 
taken place by a considerable contribution to the resonance of the molecule 
of the structure HC=C=C=CH, but if this is so, it is reasonable to 
assume that the bond distances in the acetylenic bonds, 1-2 and 3-4 must 
be correspondingly increased. This is not supported by the experimental 
data and these acctylenic bond distances have the value 1-20 A as in 
acetylene. Other instances are known where the contribution of valence 
bond structures, involving an alteration of the bond multiplicity, has been 
shown by independent methods, which is not in agreement with the 
measured bond length. Thus the dipole moment of isobutylene, 0-49 D, 
suggests that structures of the type : 

H+t+H,C 
\ 
C—C-H, 
/ 
H,C 
contribute to the resonance of the molecule. Nevertheless, the experimental 
data give a value of 1-54 A for the C—CH, bond distance, thus indicating 
the absence of double bond character. Anomalies of a similar type occur 
with such molecules as tetramethylethylene, mesitylene, hexamethyl- 
benzene and 2-butene. It would appear that a re-examination of the 
molecular constants of molecules showing these anomalous properties is 
desirable. 

The CH bond—In methane the C—H bond distance is t-og A and in 
acetylene 1:06 A. The greatest bond distance, 1:12 A is observed in the 
molecule CH. It is probable that the decrease of the bond distance from 
this value is related to the nature of the bonding orbitals of the carbon 
atom. In CH, the bond 1s formed by a f electron of the carbon atom and 
an s electron of the hydrogen and in CH,, C,H, and C,H, the carbon 
bonding orbital is sp3, sp? and sp respectively. Before any satisfactory 
theory can be made, however, more exact values for the bond distance 
must be obtained. Indirect evidence in favour of this sequence is given 
by the Raman frequencies which are: in CH 2,824 cm—}; in CH, 2,870cm7!; 
in C,H, 3,000 to 3,100 cm—? and in C,H, 3,320 cm:!, and by the calculated 
exchange energies of the CH bond which are 50, 91, 96 and 97 kcals for 
the bond involving a p, sp, sp? and sp electron of carbon respectively. 
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Table LUT. Interatomtie Distances of Single Bond, C—O The CO bond — For 
the single C—O bond a 
i Interatomic Constant characteristic 
Molecule distance value of the interatomic 

A distance is obtained for 


Interatomic | 
Molecule oe 


44 C=Oi1s rather different 
from that of the ethy- 
lenic bond C=C, since 
the C=O bond is not 
homopolar and contri- 
butions from other 
valence bond structures, 


Dimethylether 1°44 cis-2, 3~Ethoxybutane pag 1-43 a number of molecules 
Dioxan .. 1°46 =| érans-2, 3-Ethyoxybutane 1°43 (Table LUI). The case 
Paraldehyde 143 | Tetrahydrofuran .» | 143 of the double bond 


Metaldehyde | 143 =| a~Afethylhydroxylamine 


Table LIV. Interatomic Distance in Multiple Bonds between 
Carbon and Oxygen 


Interatomi¢ i | Interatomic *< : 

Molecule distance Molecule | sl with a separation of 
A | charge and a different 
HCHO — (HCOOH), hoes multiplicity of the pond: 
CH,CHO 1:20 ' HCOONa p27 OS Cees n 
CO 113 || COOH aldehydes and ketones, 
a | pres 124-130 for example, the struc- 
2 a | ture > Ct—QO- con- 
— 116, BesO(CHsCOO)«| 129 tributes to the resonance 
CH,=C=O 1°17 CaCO, 1:31 Of the molecule and in 
Co (hE 1-20 BH;,;CO 113 carbon dioxide the 
His) 125 | structure O-—C=O+t 

u ~ yy ] : 
RCO Eh ao re7 CON | “IS occurs. In Table LIV, the 


internuclear distances 
of this bond in various molecules is given. In aldehydes the CO bond 
distance is 1:20 A and very probably the same distance occurs in ketones. 
In urea, because of the contribution of the structure 


+NH, 


in which the carbonyl group has single bond character, the bond distance 
is lengthened in comparison with the aldehydes. In the carboxylate ion, 
both CO groups are identical and equivalent to 1-5 bonds, the internuclear 
distance being 1-27 to 1:29 A. The data at present available suggest that 
the carbon-oxygen bond distances are different in the acids, but more 
exact measurements are required. In the carbonate ion CO,°~, each 
yond possesses 0:33 double bond character owing to the resonance that 
exists between the three structures : 


O= O O- 


O=C O-—C mre 
\ \ 
O- O- O 
and the distance is 1:31A. A contribution from a triple bonded structure 
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wil cause a marked decrease in the interatomic distance as in BH,CO, in 


which resonance occurs between H,B-—Ct+t=O and H,B+t—C=O-, and 
probably also in the acid chlorides where the possible valence bond 
structures are 
O Ot 
/ V 
CH,—C and CH,—C 
Cl Cl- 


The CS bond— The CS bond is very similar in its properties to the 
carbonyl group. The single bond distance is 1-82 A in (CHg),S. In 
thiophene it is decreased to 1-74 A and in thiourea, where similar valence 
bond structures to those in urea are also possible, the bond distance, 
according to x-ray data, is 1-64 A. 

The CN bond— Values for the internuclear distance in the CN bond 
are given in Table LV. The single C—N bond has a length of 1-47 A in 
N(CH3) 3. In pyrrole, pyridine, pyrazine, urea and thiourea it is decreased, 
a fact evidently connected to the possible contribution of structures con- 
taining multiple bonds : 


HC=CH 
foN ON 7% H,Nt H,N* 
HC C-H Q aw Ne Jee ~ ee 
A N N y = 
iF H,N HN 


According to the experimental data of BoERscH!!, the C—N—N atoms of 
diazomethane are arranged linearly and it therefore follows that the 
structures : 

H H 


\ 
C—=Nt=N- C-—Nt=N 
/ J 
H H 


will make a considerable contribution to the resonance of the molecule. 
In agreement with this, the C—N distance is lower, having the value 
1°34 i In dicyanogen, methyl cyanide and methyl ssocyanide the CN 
bond is partly a double and partly a triple bond, 


N=C—C=N N=C=C=N N-=Ct—C=N 
CH;—C=N CH,—Ct=N- 
CH,—N=C CH,—N*+=C— 


and the bond distance is found to lie between 1:15 and 1-18 A. 

The valency angles, in addition to the bond distances, may be deter- 
mined from electron diffraction studies and the magnitude of the bond angle 
may be regarded as an indication of the extent of the contribution of 
various valence bond structures in which the angle is different. For 
example, methyl tsocyanide is generally considered as being a linear mole- 
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Table LV. Interatomic Distances in CN Bond cule in which a con- 


siderable contribution is 


Interatomic Interatomic 
Molecule distance Molecule distance made by the structure 
| A CH,—N+t=C7 inwhich 
N(CH.) 147 | GHSN (pyrrole) 42 the nitrogen forms two 
1°4 vidine 1°9 ° 
CH.—N=N—CH, 1°47 | C.H.LN, (pyrazine) 1°36 rag bonds at 180 to each 
CHiN, as CO(NH:)2 137. other. However, the 
I 2 3 ; - 
CH,—N=C {144 (2-3) CS(NH,) 4 135 structure CH,—N=C, 
1340s 
C.H,,N; (Hexa- re | CEUCN ris. nN which the bond angle 
methylenetety amine) | (CN), 116 


: is go°, must also make a 
contribution to the struc- 
ture of the molecule. Attempts!* to measure the bond angle in methyl 


isocyanate show that the angle cannot be measured with the desired accuracy 
and the conclusion was made that the angle is between 160° and 180°. In 
certain cases it is impossible to decide the multiplicity of a particular bond. 
In dicyandiamide the arrangement of the atoms in space according to 
x-ray data js : 


1.37ANH, 


N1-22A@1.28AN 1-340 ‘A 
1.37 


Hi, 


This molecule is generally represented as having the formula 


NH, 
N=C—N=C 
tr 2 3 4\ 
NH, 
6 
I 


which is clearly not in agreement with the observed bond distances. Thus 
the C—NH, bond distance (1-37 A) is only very slightly longer than the 
C=N (3-4) distance (1-34 A) and there is no justification for regarding 
the 3-4 bond as double and the 4-5 and 4-6 as single bonds. Further- 
more, the 2-3 distance, represented in formula J as a single bond, has a 
value of 1-28 A, less than the 3-4 distance, 1-34 A, which is represented as 
a double bond. Thus we may conclude that the contribution of the 
structure / is not great and that resonance between formulae IJ, [JJ and 


IV involving a separation of charge, gives a more accurate description of 
the molecule. 


NH, *NH, NH, 
oe Vi 
N-=—C=N—C N-=C=N—C N-=C=Nt= \ 
\ \ 
*NH, NH, NH, 
Il ges IV 
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Phthalocyanine is generally represented by the structure V 


S\N . ¢ 
A oN A 

c C 

NH ON—C 


\ 


and x-ray data #® have shown that the molecule is flat and that the bond 
distances and angles are as given in VJ. The inner system of sixteen 
alternating nitrogen and carbon atoms is particularly interesting since this 
system occurs in a number of naturally occurring substances. All the 
C—WN bond distances are found to be equal and have the value 1-34 A. 
This fact clearly indicates that any localization of the double bonds as in 
formula V is incorrect and all the bonds have an equal multiplicity. 
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The distance between adjacent carbon atoms in the benzene rings is 1:39 A 
and that in the five-membered heterocyclic rings is 1:49 A, being a little 
less than the normal value for a single C—C bond, 1°54 A, owing to the 
contribution of structure of the type : 


“2 sS\ 
Nua 
oN 


The exact position of the two central hydrogen atoms cannot be established 
by x-ray methods, but since the distances between the central nitrogen 
atoms are 2°65 A and 2-:76A it would appear that the two hydrogen 
atoms form a hydrogen bridge between those two nitrogen atoms that 
show the shorter interatomic distance, 2-65 A. On replacement of the 
hydrogen by a metal atom, the distance between the nitrogen atoms is 
somewhat distorted'4. 

Interesting information concerning the CN bond is forthcoming from 
the x-ray data of RoBERTsSON! and of HAMPson and Rosertson?® on the 
cis and trans isomers of azobenzene. The trans form VII is flat and 


Vil 
the C—N distance has the value 1-41 A, in agreement with the suggestion 
that the bond will have some double bond character owing to the con- 
tribution of the valence bond structure VIII, 


| 
eo 
N—N 4 
VA 


0 
C > 
VIII 


In cis azobenzene, steric factors prevent the molecule being flat owing to 
the interference of the two hydrogen atoms in the ortho position, and the 
C—N—WN system (the C being in a benzene ring) is not linear, with the 
result that a valence bond structure of the type VJ// cannot contribute to 
the molecular resonance. The CN bond distance is found to be 1-46 A as 
in the single bond and the molecule is represented correctly by the 


formula LX. 
N=N 
SO 
IX 
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The Carbon-Halogen bond—In saturated compounds containing halogen, 
the CCl bond has the value of 1-71 A (see Table LVI). In chlorine 
substituted vinyl and benzene molecules the distance is decreased (Table 
LVII), which will be due to the contribution of structures of the type : 


Cl+ Cl+ 


G | 
H,C-—C 
q 0 
H 


in which the bond between the 
carbon and chlorine atoms 1s 
double. We have already seen 
that in vinyl chloride the ae 
bond is increased to 1-38 A, i 

accordance with this ae 


Table LVI. Interatomic Distances in CCl Bond 


Interatomic | | Interatomic 


Molecule distance | Molecule | ee 


| | | 
These structures are also in CH,Cl ' 77! CHFCI, 1 9g 
agreement with the dipole CH:Cl 77. ,, CFC 1°76 
S PO GHCI. |e casgg- |e CE.Ch: | hoa 
moment data. In_propargyl CCl, 955 || «CCCHO | tne 
chloride, H—C=C—CH,Cl, cry FCI | 1-76 : | 
| 


the CCl bond distances possess 
the very high value?” of 1-82 A, 
owing to the contri- Table LVII. Interatomic Distance of CCl Bond in Unsaturated 


bution of the structure : Molecules 
—_Ct+—C= - 
Hi C ae CH, Cl - Interatorme | laleratomic 
in which the chlorine 1s Molecule distance Molecule distance 
in the fully ionic state. | A 
1 CH,=CHCl 1:69 | pC H,Cl 1° 
In phosgene thedistance €H:= CH oe PCH Cle | 169 
between the carbon and CHi!=<CHO (cis) 167 o-C, HCl; 2 Jer 
chlorine atoms is 1°68 A Gudacal. an) fe wed HC, 
and in thiophosgene ¢:Cl: 73 || CCl 1°70 
C,H,;Cl 1°69 | 
70 A 


In the fluorine derivatives of Table LVIII. Interatomic Distances of CF Bond 
methane and_ chloromethanes 


the variation of the CF bond is Interatomic | ' Interatomic 
somewhat complex. As is seen Molecule | distance Molecule distance 
in Table LVII, the bond length : 
varies from 142 A to 135A. CH,F CHFCI, 141 
Pauling considers this to be due CH,F;, CFCl, ; gO 
to the contribution of structures a ve a | 1:36 
of the type : mis 135 

H H 

NZ 
C 
E> Ft 


to the resonance of the molecule. This explanation, however, is not in 
agreement with the dipole moment data for these compounds?®, 
The data for the bromine and iodine compounds are as yet insufficient 
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for discussion. The most reliable values of the bond length in CBr and 
CI bonds are 1-91 A and 2:12 A respectively. 

The NN, NO and OO bonds— The interatomic distance between two 
nitrogen atoms forming a single bond is known from hydrazine in which 
alternative valence bond structures are not possible, and according to the 
results of GicuERE and SCHOMAKER!%, the value is 1-48 A. The double 
bond distance N=N in azomethane, CH; -N=N—CH,, is 1-24 A, whereas 
in diazomethane the bond distance is 1°13 A. 

The single bond O—O distance is obtained from hydrogen peroxide 
and is found to be 1-48 A. SHanp and Spurr” established the following 
configuration for ozone, 


O 
12647 \1-26A 
O 127A O 
which » in agreement with the dipole moment data of PHiturrs, HUNTER 


and Sutton?!, who consider that ozone is best described as a resonance 
hybrid of the structures 


Or O 
oN 4 
O O- O O 
two Structures two structures 


The single bond N—O distance in NH,OCH, is 1-37 A. In the nitro 
group, where the bonds are equivalent to 1-5 bonds, owing to the resonance 


of the type 
/ 


both bonds have a length of 1-21 A. 

The structure of anhydrous nitric acid is interesting since the three 
NO bonds are not identical and the experimental evidence™ suggests that 
the molecule consists of an hydroxyl group and a nitro group. There are 
two NO bond lengths of 1-21 A, and one of 1-4 A, thus corresponding to 
the formula 


The Raman spectra of nitric and deuteronitric acids have been examined 
by REpDLICH and NiELsEN* who found that the characteristic frequencies 
of the hydroxyl group were changed by the substitution of deuterium for 
hydrogen. Solution in water brings about the formation of the nitrate ion 
in which all the oxygen atoms are identical and the O—N—O bond angle 
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is in each case equal to 120° (sp* hybridization). The structure of th 
nitrate ion will therefore be a resonance hybrid of the three forms 


O- O- O 

ak sk \. 
oN 7S an 
O O- O- O O- O- 


in which the bond lengths are all 1-21 A. 

In the oxide of trimethylamine, (CH,),NO, the electron diffraction data 
of LisreR and Sutron?! show that the NO bond distance is 1-36 A which 
is approximately the value for a single bond. If the nitrogen were penta- 
valent, the bond would be double and the distance less and evidently, in 
the amine oxides, structures of the type (CH,),N—O, make a large 
contribution. In nitrosyl chloride and nitrosyl bromide the NO bond 
length is decreased, from 1:11 to 1-14 A, which suggests that the bond is a 
hybrid of the structures 


N=O N=Ot 
4 
aN », Ga 
and the multiplicity of the bond is between two and three. 


COVALENT RADII 


During recent years the application of the miethods of x-ray and electron 
diffraction to the determination of the structure of molecules has per- 
mitted interatomic distances of a large number of bonds to be obtained 
and attempts have been made to find simple additive laws which will 
describe the observed data. In the case of ionic crystals the suggestion was 
made that each 1on could be regarded as a small sphere, which just touch 
each other in the crystal. To each ion, therefore, there may be ascribed 
an ionic radius which is maintained by the ion in all crystals of a particular 
type, for example, in which the coordination number of the ion remains 
the same. For different coordination numbers of a particular ion, it is 
hecessary to give different ionic radii. 

Although the idea of ions being likened to rigid spheres which are in 
contact in the crystal state is clearly incorrect when we consider the wave 
mechanical conception of a molecule or an ion, it has proved of considerable 
use in studies of the solid state. In the same way also, radii may be ascribed 
to atoms taking part in a covalent bond, such that the addition of the 
radii gives the interatomic distance. In this case, different values of the 
radius will have to be taken, depending on whether a given atom is taking 
part in a single, double or triple bond. For the construction of a table of 
covalent radii, half the measured bond lengths in homonuclear molecules 
are taken. By this means the radii of the atoms in Cl,, Br,, Na, etc 
may be obtained. The covalent radius of mtrogen is taken as half the 
N—-N single bond distance in hydrazine, and the double bond distance 
is similarly obtained from azomethane. 

The conception of a covalent radius may be tested by considering the 
hydrides. The covalent radius of the hydrogen atom as measured from 
molecular hydrogen will be half the bond length, viz 0-37 A. In Table LIX, 
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Table LIX. Covalent Radius of Hydrogen determined from Hydrides the value of the covalent 
l radius of the hydrogen 


_| Halfof atom has been deter- 
Interatomic | interatomic Covalent mined f; the data f 
Bond Molecule distance distance radius of ee One Cale rl 
H—X H—X Xx—X hydrogen the hydrides, and it Is 
A A A seen that the radius 
| varies from 0°37 to 
HH | 4H, 7 ee 0:37. :0°20 A. This variation 
C—H | CH ii O77 0°35 might possibly be 
C—H CH, 1-09 0-77 0°32 attributed to the vari- 
C-H | C,H, HCN} 1-06 077 0°29 ation of the ionic 
N-H | NH. vl oa Bb character of the bond : 
N—H | NH, rot 0-74 0-27 that this is not so, is 
O—H | OH 0:97 O'74 0°23 shown by the fact that 
O-H |;  #H,0 0°97 0°74 023 for the case of the most 
| homopolar bonds e 
S—H | H,S 1°35 1:05 0*30 omer -S 
F—H | HF 0°92 0°72 0°20 H—H, H—I, A—C, 
ClI—H HCl 1°27 0-99 0-28 the variation is. still 
I—-H HI 160 ae 635 to 0-37, whereas in 
Li—H LiH 1°60 1°33 0:27 the series H—C1, H—Br 
Na—H NaH 1-89 1°54 0°35 and H—I, where there 
K-—H KH 2°24 1-96 0°28 is a marked change in 


—_. the ionic character of 
the bond, the value of the radius is almost constant (0:27-0:28 A). 

The experimental value of the internuclear distance in gaseous sodium 
chloride is 2-51 A ; the sum of the covalent radii is 2-53 A whereas the sum 
of the ionic radii is 2-48 A. In obtaining this figure, allowance has been 
made for the decrease, by about 11 per cent, of the ionic radii in the 
gaseous molecule compared with that in the ionic lattice. A similar result 
is obtained in the case of sodium bromide and iodide. Since the radius 
of the positive ion is less, and that of the negative ion is greater, than the 
corresponding covalent radii, it.would appear that differences have been 
compensated. 

In order to improve the agree- 
ment between the calculated and Table LX. Covalent Radii (A) 
experimental values, Pauling* 
has taken average values. Thus, 


Soca? N O F 
for fluorine the radius is taken as a Fre ee pe on ead ee 
064A rather than o-72A, for ; 
hydrogen o:30 A instead of 0-37 A. is Bel , io Pe 
In Table LX, these values of the se d ‘ ad 
covalent radii for several elements a Ae = ha 
are given, as corrected by oh ! : 
Shomaker and Stevenson?®. es a ts a e 

In Tables LXI and LAI, : : : = oe 


experimental values of bond 
lengths are compared with the 
sums of the covalent radii and it will be seen that the agreement is not 
good. Nevertheless, the idea of covalent radii is often useful in spite of the 
lack of a theoretical basis, since they permit an approximate evaluation of 
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Table LXI. Comparison of Exferimental Values of Interatomic Distances 
and Sums of Covalent Radii for Halogen Compounds (A) 


Compound 


expt. calc. 
215 2-10 
2°43 2°50 
2°52 2°43 
2°58 254 
2°75 2°74 
2°56 2:78 


* Obtained from data for SF, 
t Band Nat as of the NX bond length in NOX is evidently due to the contribution from the structure 


Table LXII. Comparison of Experimental Values of Interatomtc Distances 
with the Sum of Covalent Radii for Bonds involving Carbon (A) 


( 
Experimental Sum of | Experimental Sum of 
Bond value, from radit Bond value, from radit 
X—(CHs)n X—(CHs5)a 
B—C 1-67 P—C 1°87 1°87 
Al—C Q:1t As—C 1-98 1-98 
Si—C 1°94 O—C_ 1°42 


1°82 


Difference Difference Difference 
(CsK—RbX)|} Rb | (RbX—KX)| K | (KX—NaX) |} Na 
I O15 3°26 0:33 2:90 
Difference 
(MI—MBr) 0°20 0-26 
Br 0:08 3:06 : 0°30 2°64 
Difference 
ee O17 0°13 
! 


O17 | 2°89 2°51 


Note—In the vertical column are arranged the differences between the radii of the 
cations, and in the horizontal columns the differences in the radii of the anions. 


the bond lengths in molecules where direct measurement has not been 
sare The deviation from the correct value is generally not greater than 
O-2 A. 

The additivity of the ionic radii of the alkali metals?” and of the halogen 
anions is shown in Table LXII, where it is seen that the divergence is of 


1g! 


THE STRUCTURE OF MOLECULES 


the order of 0-1 A. The closer agreement is not surprising as the ionic 
radi of the halogens and the alkali metals are originally obtained from 
the measurements of the interionic distances in sodium chloride, potassium 
chloride etc. 
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DIELECTRIC POLARIZATION 


Tue stupy of the behaviour of molecules in an electric field has shown 
that the polarizability and the dipole moment of a molecule are important 
structural characteristics. The fundamental quantity, which is depen- 
dent on both the polarizability and the dipole moment of the molecule, 
is the dielectric constant. Two charges +e and — e, separated by a 
distance r, are attracted to each other according to Coulomb’s law. Ifa 
vacuum exists between the two charges, then the force of attraction will be 
e?/r2, If, however, there is some medium between the charges, the attractive 
force is decreased and is given by e?/er?, where ¢€ is the dielectric constant 
which is always greater than unity. The relationship between the diclectric 
constant and the polarizability is given by the Clausius-Mosotti equation 
(see Chapter 18) : 

«e— 1 M4 

eto” d "3 
where M is the molecular weight, d the density, WV the Avagadro number 
and a the polarizability. The polarization of a molecule is due to three 
different, but simultaneous deformations. First, under the action of the 
applied field, the electrons will be displaced from their mean positions and 
the polarization produced is termed the electron polarization. The more 
closely the electrons are bound to the nuclei, the less will be the deformation 
and hence the smaller the induced moment given by 


7Na .... (0.1) 


Mind == ask 


Conversely, if the electron polarizability a, is great, then the electrons will 
be loosely bound. To a first approximation the electron polarization is 
independent of temperature. This is due to the fact that the energy difference 
between the ground and excited clectronic states is relatively great and the 
probability of the electron being in an excited state at normal temperatures 
is very small. Secondly, the nuclei will be displaced from their mean 
positions by the action of the applied field and the polarization produced 
is termed the atom polarization a,. Finally, if the centres of gravity of 
the positive and negative charges in the molecule are located at different 
points, the molecule will have a permanent dipole moment p and under 
the action of the field the molecule will tend to become oriented in the 
position of minimum potential energy. This orientation will be hindered 
by the thermal agitation of the molecules and in consequence a statistical 
equilibrium, which will be dependent on the temperature, is set up, in which 
a slight excess of molecules have their permanent dipoles oriented anti- 
parallel to the direction of the ficld. The polarization so produced is 
termed the orientation polarization a,. 
Thus we have 


a=a,-+a,+a, esi TOLD) 

and 
e— 1 M 4 ! Zs oe 
er a i a7 Mas + a, +a,) =P ....(10.3) 
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We shall now introduce the terms : 


P,; =f aNaz »... (10.4) 
P 4 

A = ytNan 1... (10.5) 
P, = aNao ....(10.6) 


where P is the total molecular polarization and P,, P, and Po are respec- 
tively the electronic, atomic and orientation polarizations. 

The nature of the polarization produced in a molecule is dependent on 
the frequency of the field employed. At relatively low frequencies (10°) 
the polarization produced is equal to that obtained by a steady, #.e. non- 
alternating, field and is due to electronic, atomic and orientation polariza- 
tion. In the alternating field the molecular dipoles must reorient them- 
selves at each reversal of the field and as the frequency is increased a point 
is reached where the molecules, owing to their inertia, are no longer able 
to follow the reversals. At high frequencies, therefore, orientation polariza- 
tion due to permanent dipoles does not occur. At still higher frequencies 
the nuclei cease to follow the oscillations of the field and the polarization is 
due entirely to the displacement of the electrons. 

The frequency at which the dipoles cease to orient themselves in the 
alternating field may be obtained by calculating the relaxation time of the 
molecule, as was first done by Debye. The relaxation time is the period 
taken by the oriented molecule to return to 1/exp of the original deflection, 
when the field is removed. According to Debye, the time of relaxation 7 is 
given by: 

7 = 4nna3/kT ». (10.7) 


where 7 is the viscosity of the medium, & is the Boltzmann constant, 7 the 
absolute temperature and a the radius of the molecule. For the water 
molecule, a = 2 X 1078cm and hence 7 = 0:25 X 107!%sec. Thus at 
frequencies greater than this value the water molecule will not be able to 
follow the reversals of the field and the total polarization will be due only 
to the atomic and electronic polarizations. Knowledge of the polarization 
at such high frequencies may be obtained by employing a relation, derived 
by Maxwell, that for measurements carried out at the same frequency, 
¢ = n*, where n is the refractive index of the substance. Substituting this 
expression in equation 10.1 we obtain 


ee P ».. (10.8) 
n?-+t2 d 

where P will be equal to either the sum of the atomic and electronic polariza- 
tions or to only the electronic polarization, depending on the method of 
measurement of the refractive index. Since the experimental procedure for 
determining the refractive index using infra-red light is extremely difficult, 
it is usual for the majority of substances, which absorb light in the ultra 
violet region of the spectrum, to measure the molecular refraction using 
the Nap line and assume that this gives the sum of the electron and atom 
polarizations. Alternatively the refractive index is obtained for several 
wavelengths in the visible region of the spectrum and the refractive index 
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calculated for light of infinite wavelength by the use of an extrapolation 
formula. The polarization then obtained ts regarded as being due only to 
the distortion of the electrons. These methods, although approximate, are 
often satisfactory since the atomic polarization is generally small, as will 
be seen below. 

The electronic polarization produced in a molecule is not the same in 
all directions and the quantity ag represents an average polarization equal 
to (a, + ay + a3)/3, where a,, a, and ag represent the electronic polariza- 
tion in the direction of three mutually perpendicular coordinates. Certain 
methods of measurement of the polarization (Kerr effect) permit the 
separation of a into the different components and the determination, for 
example, of the polarizability in the direction of valency bonds and in the 
direction perpendicular to the bond. From the data so far obtained, how- 
ever, no significant conclusions relating to molecular structure have been 
made. 

The polarizability has the dimensions of a volume ;_ thus we have 


charge 

length? 

or ....(10.9) 

= (length)? 6ee. (10.0) A PS 

Furthermore, we may show that the value of ; 
a has the same order of magnitude as that of the / 
third power of the radius of an atom 1.e. (1078)3 
cm. In order to do this we use Bohr’s picture : 
of the hydrogen atom. The electron moves in an 
orbit round the nucleus fixed at the point O 
(Figure 36). Under the influence of the applied | 
field, F, the plane of the orbit is displaced 
through the distance OA, equal tos. The force 
acting on the electron is eF, and owing to the 
displacement of the electronic orbit, there isan + 
induced moment m given by, < 


m= es = aF »... (10.11) 
The attractive force between the electron and Figure 36. Polarization of an 


the nucleus is ¢?/r?, which will havea component 9%" 4 Rgseahs pasts 20 
in the direction OA equal to 


m = charge X length = a X pressure = a X 


e* cosB/re = e*s/r3 ..-- (10.12) 


This force neutralizes the influence of the applied field and hence 


eF = e*s/r3 .... (10.13) 
or 
es == Fr? ....(10.14) 
and combining equations 10.11 and 10.14 we have, 
oe ....(10.15) 


Since the distortion is not great, r? is very nearly equal to a? (a = the Bohr 
radius) ; exact calculation by the methods of wave mechanics gives 
a = a3/2. This expression may be used to determine the magnitude of 
the electronic distortion and from the polarizability of helium it may be 
shown that in a field of 300 volt/cm, the distortion is 2 X 1078 cm. 
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Determination of the atomic polarization presents many difficulties. 
The frequencies corresponding to the vibration of the nuclei lie in the 
i infra-red region of the 
XLV, Pol 

Table LXIV, Atom Polarizations spectrum and the method 
_ generally employed is the 
Atomic determination of the re- 

polarization : . ; aoe 
fractive index using infra- 
red radiation. Generally 


Atomic 
Molecule | polarization 
ce 


| 
: Molecule 


| 
i 
| 
| 
! 
gee Nitrobenzene 


Wes 3°2 Nie 3°8 the atomic polarization is 
cetone 0-9 oluené o-9 not large as is shown b 
Pyridine I'5 Diethyl ether 3°2 the ane of C Psat 
a~Picoline Gor Dioxan 2-6 : : 

l and Errera! given in 
oe 2 ro | Bae 0°55 Table LXIV. In certain 
ilethyl alcoho 1°g exane 0°2 ases i 
Ethyl alcohol 38 || Carbon disulphide | 2-4. CA8€S:, however, the atomic 


| polarization is found to be 
much larger, thus, for 
example * %, in 1,3,5-trinitrobenzene, P, = 12 cc, in f—benzoquinone, 
P, = 8 cc and in tetrachloro—p-quinone, Py = 15 cc. Coop and 
Sutron’ consider that in these molecules the high atom polarizations are 
due to the bending of the molecule by the applied field ; thus in the case 
of p-benzoquinone and its derivatives the atom polarization would be 
largely due to the bending of the highly polar C=O bond relative to the 
rest of the molecule and perpendicular to the plane of the ring. 
For all molecules possessing a permanent dipole moment 


e—1 My, n?-—-1 M 

ea a? mye d 

The relationship between the dipole moment and the orientation polariza- 

tion has been developed by Debye by applying Langevin’s theory of para- 
magnetism to electric dipoles (see Chapter 18). The desired equation is 

Qo = pe? /3kT pins (PO. 7) 


where 7 is the absolute temperature, & the Boltzmann constant and p is 
the dipole moment defined by 


. (10.16) 


p = ed 


where e is the value of the charge and d the distance between the charges. 
Substitution of equation 10.17 Into 10.3 gives : 


e—1 M 
an 7a Gg = 57M (os +a, tare) . (10.18) 
and the orientation polarization will be given by 
4 4nNp? 
P, oe tNay = 67 . (10.19) 


The Clausius-Mosotti-Debye equation, 10.18, permits the permanent 
dipole moment of a molecule to be determined from dielectric constant 
measurements. This may be carried out by either of two general methods : 
by measuring the dielectric constant at different temperatures it is possible 
to eliminate ag and a, from equation 10.18 and thus calculate p, or as 
may be obtained by refractive index measurements in the visible region of 
the spectrum and it is usuai either to neglect a, or to assume that it 1s equal 
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to a small fraction (¢.g. 5 per cent) ofag. Substitution of values of the con- 
stants into equation 10.18 gives at 25°C 


pHa. Po C22 PSP SH Py ....(10.20) 


For molecules possessing a large dipole moment, the orientation polari- 
zation is large and any error in the values of P, or Ps does not significantly 
affect the values of P,. For small moments, however, of the order o-2D 
(1 Debye = 1D = 107" e.s.u), Po is of the order of 1 cc and appreciable 
errors in the value of the dipole moment may occur. 

According to the assumptions made in the derivation of cquation 10.19 
it is strictly valid only for the case of gases, where there is no molecular 
interaction and the molecules are oriented independently of one another in 
the external applied field. However, Debye suggested that measurements 
in dilute solution of non polar solvents, e.g. benzene, hexane, carbon tetra- 
chloride, would be permissible and the validity of this method has been 
confirmed by the fact that for a number of molecules, the difference between 
the value of the dipole moment determined in the gas phase and in solution 
is not greater than 0-2 D. ‘The measurement of dipole moments in solution 
permits the examination of the polar characteristics of a number of sub- 
stances which do not lend themselves easily to measurement in the gas phase. 

The dipole moment of a molecule may also be directly measured by the 
molecular beam method in which the beam of molecules 1s passed through 
a non-uniform electric field. If only induced polarization exists in the 
molecule, the molecular beam is deflected in the direction of the stronger 
electric field, but if the molecules have a permanent polarization, there is 
a broadening of the beam, the extent of which is dependent on the dipole 
moment. Exact determinations by this method have not yet been possible, 
but the method has been of use in determining the dipole moment of ion 
pairs (molecules) of NaCl, which cannot be measured in any other way. 


REFRACTION 


Inorganic compounds—Very little data exist on the polarizability of atoms. 
Values are known for the inert gases, some of the Table LXV 
elements of the first group and for iodine. These polarizability of Atoms 


data are given in Table LXV together with a value (cc X 10%4) 

for the polarizability of the hydrogen atom calculated 

by quantum mechanical methods. On transfer from i - 

hydrogen 1s to helium r1s* in which the K electronic | eae 

shell is filled, the polarization increases and the intro- | He Li 

duction of ans electron in the 2s orbit, as in lithium, | o-20 12 

produces a marked increase in the polarizability. ae 

This behaviour is repeated with argon and potas- ve | 

sium and with xenon and caesium, but the pro- | 

portionate increase in polarizability decreases as the Ar : K 

total number of electrons increases. Thus the ratio 1-66 _ 34 

of the polarizabilities of the first group elements and Kr 

the corresponding inert gas decreases from 60 with 2°54 

lithium and helium, to 20°5 with potassium and jo 

argon and to 10-1 for caesium and xenon. I Xe Cs 
496 | 4°15 42 


The polarizabilities of the inert gases neon, argon, 
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krypton and xenon are in the approximate ratio 1:4:6:10 and it is 
interesting to note that a similar sequence occurs in the polarizability of the 
molecules of the halogens, the ratio for fluorine, chlorine, bromine and 
lodine being 2°91 : 11-67 : 17°43 : 31°97 (in units of 10724 cc which will be 
used throughout this text). The polarizability of the hydrogen molecule is 
0-81, a value which is considerably less than the sum of the polarizabilities of 
two atoms of hydrogen ; it is thus evident that the two electrons forming 
the bond, z.e. moving in the field of two nuclei, are more closely bound to 
the nuclei than in the free atoms. In the iodine molecule, on the other hand, 
the polarizability in the gaseous state is 12:7 and in benzene solution 16:3, 
values which are more than double the polarizability of the iodine atoms. 
The increased looseness of the electron cloud in the molecule compared 
with the atom is probably related to the fact that iodine shows some 
metallic characteristics. 

The polarizabilities of ions have been determined by Fajans and Joos 
from measurements of the refractive indices of salts and have been calcu- 
lated theoretically by Born and HEIsENBERG, PauLinc and others*, The 
polarizabilities of singly and doubly charged ions are given in Table LXVI, 
the values for Lit and Be?+ have been taken from the data of Pauling and 
the remainder of the values are those of Fajans. The data show that the 
polarizability is much greater with anions than with cations ; with cations, 
the positive charge will tend to counteract the displacement of the electrons by 
the applied field, but in anions the greater the number of additional electrons 


Table LXVI. Polarizability of Ions there are present, the less strongly is 


(co X 1074) the electron cloud bound to the nuclei and 
the greater its deformation by the field. 
H- Lit | Be*+ Comparison of the values in Tables LXV 


10°18 | 0-03 | 0008 and LXVI shows that the polarizabilities of 
Or F- | Nat | Mg the inert gases fall between the values for 
2°74 0-96 | o1g | o1o the corresponding isoelectronic ions ¢.g. 
oe ae | ie | ad TT lanes of cea & nealle 
8-94 360 0-89 0°55 P 
relate the refractivity of a molecule to the 
Se? | Br-~ | Rbt , Sr*t+ refractivities of the corresponding ions. 
114 50 1-50 1:02 For example, the value of the molecular 
Te2- I- cst | Batt refraction for SnCl, cannot be regarded as 
‘64 4-60 6o | 1-86 the sum of the refractivities of the ions 
$$$ Sn*t and CI, as the existence of such ions 
in the molecule is improbable. The field due to the Sn‘*+ ion, with four 
positive charges, will be so great that the chlorine ion will not preserve its 
individuality, and the deformation of the electronic cloud of the chlorine ion 
whilst in the field due to the Sn‘* ion cannot be regarded as related to the 
deformation of the electron cloud of a free chlorineion. The stannic chloride 
molecule must be regarded as a resonance hybrid of the covalent and various 
lonic states in which the charge on the tin ion Is relatively small and the con- 
tribution of the form containing Sn‘* is insignificant. 


Cl Cl Cl Cl- Cl- Ci- 
fo \ 
Sn Snt Sn?+ 
foN ars So N 
Cl Cl Cl Cl Cl Cl 
four structures Swe structures 
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In Table LXVIT the refractions of atoms of the inert gases and of several 
molecules isoelectronic with the inert gases are given. ‘The refraction has 
a minimum value for each period at the inert gas, in which the electrons 
are located in the ficld of one nucleus. As the number of atoms in the 
molecules is increased, the electron cloud becomes more and more decentral- 
ized and polarization increases. Similar behaviour is noticed with the iso- 
electronic ions with one negative charge, e.g. F~(2:42) and OH7~(5:10) ; 
Cl-(g:0) and SH~(13-2). It is interesting to observe from Tables LXV/ and 
LXVII that the refractions of the hydrogen halides are approximately 
three quarters of the values for the corresponding negative halogen ions. 
This sae be related to the fact cat Table LXVI, Refraction of Isoelectronic Atoms 
in the ions F-, Cl-, Br- and I and Molecules (ec) 
there are eight outer electrons where- 
as in the corresponding isoelectronic Ne HF | H,O | NH, | CH, 
molecule, two of the eight outer elec- '° (1-9) S753 Wy S07.) 858 
trons are bonding electrons, leaving ay Hc! | HS | PH, | SiH, 
six, t.¢. three quarters of the total, 4-2 6-7 957 | 117 11°34 
capable of being polarized ; 

Let us now consider the effect of BF HBr | H,Se 

a 6:37 g'16 | 12°02 
the variation of charge on the refrac- 
tion of isoelectronic molecules. Asis Xe HI 
shown in Table LXVIII the refraction 104 | 13°7 
falls with a decrease in the negative “{. order to convert values of the polarization, or 
charge and falls still farther with the molecular or atomic refraction into polarizability it is 
‘ sc necessary to divide by 4 7.V = 2:52 X 107%, 
formation of a positive charge. But 
the decrease in negative charge and the increase of positive charge is also 
accompanied by an increase in the number of nuclei between which the 
electrons are distributed. This will in itself 
Table LXVIII, Refraction of Isoelec- bring about a decrease in the refraction and 
tronic Ions and Molecules (cc) therefore the change of refraction with charge 
is not sO great as is indicated by the data in 


OO 649 Table LXVII. Nevertheless, it is interesting 
ae 5°! oe . to note that the refractions of O?-, OH~ and 
H.O+ ao | NH.+ re 7 —H,O are approximately in the same ratio as 


that of the outermost electrons not participat- 

ing in the formation of bonds, t.e. 8: 6: 4. 
The refractions of bonds containing hydrogen are given in Table LXIX. 

These values have been obtained from the refractions of the corresponding 


molecules by dividing by of 
. Hyd 
the number of bonds. The 7 EX/X. Refraction of Bonds Containing Hydrogen 


refraction of the bonds of ji 
elements of the second period Bond Refraction | Bond Refraction 
with hydrogen, are very simi- oo is 
lar, whereas those with C_H(CH,) | 169 || Si—H(SiH,) | 3-0 
elements of the third period Se HG) | van : set ‘as ae 
increase considerably. The Y~— Sey! gee : 
refractions of the bond, BH) | (1-9) f eno) 67 


O+—H in H,O+ (Taédle 
LXVIII) is 1-01 cc whilst that of Nt—H in *NH, (Table LXVIIL) is 1-02 cc. 
Both these values are considerably less than the corresponding values for 
O—H and N—H (Table LXIX). As expected, the refractions of bonds in 
anions are greater than in the corresponding neutral molecules. Thus in 
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(CN), the CN bond has a refraction of 5-3 cc whereas in CN7— it has the 
value 8-3 cc. The latter value is also greater than the values for CO and 
N, (4:4.cc), which are isoelectronic with CN-. 


| a A comparison of the 
Table LXX. Refraction of Bonds ContainingOxygen bcfeaetione Of diflerent 


' Refraction in | Refraction in |i | Refraction in types of bonds between 

Molecule | O bond | Molecule | SiO bond | Molecule | SO bond oxygen an d carbon 

| ce i ce ce oe ) 

| ocr 7a | ee ACE | GEOR silicon and = sulphur 
ge 4S | gio | ger | so, | 39 (Table LXX) shows that 
Go" i a eae al ae oo two factors may bring 


about an increase in the 
value of the molecular refraction, an increase in the multiplicity of the bond 
and the appearance of a negative charge. The first effect is shown by a 
comparison of the values for the carbon oxygen bonds occurring in esters, 
CO, and CO. In CO,?-, each bond possesses only one third double bond 
character but owing to the two negative charges, the refraction of the bond 
is greater ‘than in CO,. Similar behaviour occurs with SiO, and SiO,?- and 
with SO,, in which each bond possesses one third double bond character 
owing to the resonance between three structures of the type 


O- 


O = S2t 

O- 
and SO,, in which the bonds possess one half double bond character owing 
to the resonance between two structures of the form 


St 
ia 
oO Oo 


Organic compounds— For a large number of organic compounds it is found 
that the bond refraction is an additive quantity. As an example of this 
relationship between the number and type of bonds and the molecular 
refraction, Table LX XI gives the differences in the values of the molecular 


Table LXXI. Additivity of Refractions in a Homologous Series 


| | Difference as Difference as 
Molecule Aeration compared with ‘| Molecule Refraction compared with 
previous member |, | ce | previous member 
n-Pentane vie Pentation “| 25°28 a5 | | n-Nonane 43°78 | 4°65 
n-Hexane 29°86 | 4°58 '  n—Decane 48-41 } 4°63 
n-Heptane 34°51 | 4°68 _ n-Undecane 53:06 4°65 
n-Octane | 39°13 | 4°62 | n-Dodecane 57°67 | 4°61 
| | 


refraction of neighbouring members of a homologous series ; these are found 
to be almost constant. Furthermore, the refractions of isomers are found to 
be the same, e.g. o-xylol, 35°75 ; m-xylol, 35:9, and p—xylol, 35-69. From the 
molecular refractions the bond refractions may be obtained and the values 
for some typical bonds are given in Table LXXII. The bond refraction 
increases with the multiplicity as is shown by the data for the CC bond : 
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C—C, 1:25; C=C, 4:16; C=C, 6-4. The transfer from a single to a 
double bond increases the refraction by 2-91 cc and the transfer from a 
double to a triple bond increases the refraction by the smaller value of 
2:-24cc. Thus it appears that for carbon, the o electrons are polarized less 
than the zw electrons. This is not so, however, with the O—O and N—N 


Table LX XII. Bond Refractions 


( | 
Bond | Refraction Bond meetan ! Bond | ee 
ce 

ee: See ee eee eee je ee ee eee 
C—H | 1-69 C—Br 9°37 C=C | 6-4 
C—N (1°54 C—I 14°55 C—O | «51 
C—F F322 C—C 1°25 C=O 3°38 
C—Cl | 6-53 C=C 4216 


bonds. The refraction for the single O—O bond may be obtained from the 
data for hydrogen peroxide and from organic peroxides and peracids and 
the values obtained are given in Table LXIII, from which the mean valuc 
for the O—O bond is taken as 2:25 cc. The refraction of the normal oxygen 
molecule is 4:69 cc and the second pair of bonding electrons produce a 


Table LXXIII. Refractions of Peroxides 


Molecular | Bond Molecular Bond 


| 
Molecule | refraction | refraction Molecule refraction | refraction 
| ce ce | ce cc 
H—O—O—H | 5°81 | 221 | CH,OOCH, 15°40 | 215 
CH,O0OH | 1074's 231 CH,OOC,H, 20°09 2°22 
C,H,OOH 15°18 217 || C,H,OOC,H; 24°92 2°23 
(CH;), CHOOH | 20°01 2°33 | | 


refraction of only 1°84 cc 2.e. less than that produced by the first pair. 
Similar behaviour 1s noticed with nitrogen. The refraction of the single 
N—WN bond, may be obtained from the molecular refractions of hydrazine 
and the value obtained is 1:72 cc. In molecular nitrogen, where the atoms 
are bound by a triple bond the molecular refraction is 4-4. cc. Thus the 
contribution from the four z electrons is 2-68 cc, 7.e. 1°34 cc for each pair of 
mv electrons, which is a smaller value than that obtained for the o bond. 
This difference between the behaviour of carbon and of oxygen and nitrogen, 
will be discussed again in the next chapter from the point of view of the 
bond energies. 

The refraction of molecules may be calculated by the addition of the 
appropriate atomic refractions. It is necessary to add to the sum so obtained 
additional quantities corresponding to the multiplicity of the bonds in- 
volved. For a large number of molecules, the calculated and measured 
values of the molecular refraction agree, within the limits of experimental 
error. In molecules containing a conjugated system of double bonds, 
however, deviations from the additivity rule occur, the experimental value 
always being greater than the calculated. The difference, R..,— Ra, may 
be termed the refraction exaltation and values are given for a variety of 
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Table LXXIV. Exaltation of Molecular Refraction for Molecules with Conjugated Double Bonds 


CH,=CH—CH=CH, C,H,—CH=CH—CH=CH, 


peat igi: 088 | C.H,—CH=CH—CH=CHCH, 4°71 
CH 
: | C,H;—CH=CH—CH=CHCH,CH; | 540 
CH,CH=CH—CH=CHCH, 1-76 
ei; C,H; go 
3 | 
/ CH=CH—CH=CHCH 468 
CH,—=CH—CH=C I ‘73 
"Na CH, 
3 
CH,—C——_-C=CH, 0°75 C,H; Pe 
a but, CH=CH—CH=CHCH,CH 4°14 
CH,CH=CH—CH=CHCH,CH, | 1-96 CH; 
CH, C,H;—CH=CH—C,H; 6-20 
a sac 0°86 C,H Cine CH. 3°98 
3 CH; CH, 
CH,CH—C—CH=CHCH, 1-00 C.H.—CH=CH—C,H,—CH, ae 
CH; 
CH,=CHC==CCH=CH, 2°07 
C,H,—CH=CH, I 16 
=CH—CH=CH-—-C,H ; 
C,H;—CH=CHCH, 1°31 C,H,—CH=CH—CH (cis-trans) s | (3-5) 
C H,—C=CH, oO 
’ ” | og1,—CH=CH—CH=CH—C,H, | 7-89 
3 (czs-cts) 
C,H;—C=CHCH, 0°82 || CH,—CHCHO 0-62 
> CH CH,CH=CHCHO 1°36 
3 
/ 
C,H,—_C=C 0°57 CH ,=CHCN O°31 


CH,CH=CHCN 


molecules containing a conjugated system in Table LXXIV. In all such 
compounds, owing to the contribution of the structure CH, -CH=CH—CH, 


to the resonance of the molecule, carbon atoms 1 and 4 have partly the 
character of free radicals and very probably the exaltation is caused by this 
property, since the number of electrons used in bond formation by the 
terminal carbon atoms has been reduced. The replacement of a hydrogen 
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Table LXNV. Exaltation of Molecular Refraction for Cyclic Compounds 


Molecule Exalltation Molecule Exaltation 
ce ce 


2°55 


2°45 
H,; H; 


H, 2°O4 


Zul 


Q 
= 


xorkone 


fe 
ns 
£ 
x 


2°97 


Ig 
8 


om 
= 


H, 
3°95 


= 


1°30 


7 


-' 
- 


= 


eo) 
i) 
~J 


= 


2:56 


1.80 


g 


atom by a methyl group on a carbon atom forming part of the conjugated 
system, t.¢. not a terminal carbon atom, as in I~methylbutadiene (isoprene), 
2,3-dimethylbutadiene and a-methylstilbene, considerably lowers the 
exaltation. Molecules containing double bonds which do not form part 
of a conjugated system, e.g. CH,—=CHCH,CH,CH=CH, (diallyl) or 
C,H,CH,CH=CHCH,CH,CH, do not show exaltation of the molecular 
refraction. 

The absence of exaltation in a number of conjugated ring systems such 
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as benzene, dihydrobenzene, hydrindene, tetralin, cyclopentadiene, 
cycloheptadiene, cyclo-octadiene is not clearly understood. In polycylic 
systems, exaltation does appear (Table LXXV) and increases with the 
increase in the number of rings. For a—methy! derivatives of naphthalene 
and anthracene, the exaltation is somewhat less than for the B—derivatives. 
Comparison of the 1, 2— and 1, 4-dihydronaphthalenes shows that in the 
former compound there is a small exaltation (1:30 cc), probably due to 
the contribution of the structure 


Hy 
N44 
| AY : 
WAN A 
to the resonance of the molecule. With the latter compound however the 
double bond is isolated in the 2, 3-position and the exaltation is consid- 
erably reduced (0:27 cc). 

One of the main difficulties in the interpretation of refraction data, is 
that reliable measurements, such as those given by EGLorF®, are not always 
available and many of the values recorded must be regarded with sus- 
picion. Furthermore, in the majority of cases, extrapolation to infinitely 
loug wavelengths is not possible owing to the lack of data. It is true that 
if the substance absorbs in the far ultraviolet the difference between Rp 
and R,, will be small, e.g. for benzene Rp = 26-19 cc and R,, = 25°12 cc, 
and comparisons of the values for different substances is permissible, but 
for molecules which absorb in the longer wavelength regions the exaltation 
may depend considerably on the wavelength at which the refractive index 
was measured. As an example of this behaviour, the data® for p—nitraniline 


Table LXXVI. Variation of Exaltation of Molecular Refrac- ne oe Table ac 
tion of p-Nuraniline with Wavelength and i€ 13s seen at the 

ESC Ge GA eS eee variation of exaltation with 

Wavelegth A) 4,358 | 5,460 | 5,790 | 6,707 | c (extrapolation) Wavelength is very large. 

— Se | Oe | ¢ 

Exaliation ce | fas | yer | 640 | 5-23 | 53 The exaltations of mole- 

ao cular refraction for a number 


ot s ly polar substances 
Table LXXVI. Exaltation of Molecular Refractions* of { strongly polar substance 


Polar Molecules are given in Table LXXVII 
| and it would be of consider- 
" f ° . 
Molecule | Exaltation | Molecule | Exaltation able interest to determine 
EN Pa | Pee ee Ra the influence of the reson- 
2,3—Dinitraniline 0-9 «= ||: o Nitrophenol | 286 ance of the molecule on the 
2,4—Dinitraniline 2°t || m~Nitrophenol — 1°06 . ° 
2 ,6—Dinttraniline | —o-9 | p-Nitrophenol ' — 4°90 exaltation. In certain cases 
»5~Dinitrani line 0:2 :, 2,4-Dinttropheno 2°1 : ‘ ¥ 
22 6: Taimiraniine | 17, 2,3-Dinitrophenol | 1-9 the exaltation is very low, a 
Se | ie fact which may be related 
Nutrophenylendtamine | 470 | 2,6—Dinitrophenol | 2°4 ° : 
y-Nitro-a-naphthylamine ; —o-g |. 3:4-Dinitrophenol | 1-7 to a small contribution from 
= Nitro~a—naphthylamine | —1-64 || 3,6—Dinitrophenol | 2-0 ne 
2,6~Dimethyl-y-pyrone ! 1‘0Q ! Michler’s Retone | gl the 10n1C form. In general, 


however, the existing data 
* ll data given in this table have been obtained from refractions 1§ insufficient for any general 


extrapolated to o. The data used for the calculated values were di : 
obtained from benzene and the monosubstitution products of benzene. ISCUSS1ION. 


DIPOLE MOMENTS AND THE IONIC CHARACTER OF BONDS 


In the diatomic molecule, which must form the basis for a discussion of the 
experimental data on dipole moments, the relative contributions of 
the covalent and ionic forms determine the magnitude and direction of 
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the dipole moment. Molecules containing a purely homopolar bond do not 
possess a permanent dipole moment as is shown by the data for diatomic 
molecules consisting of identical atoms. However, in Chapter 3, it was 
found necessary in order to improve the calculations of the bond energy 
and interatomic distance of the hydrogen molecule, to consider in addition 
to the homopolar form, H—H, the ionic states HTH+ and H+tH~-. Never- 
theless, it would be incorrect to ascribe any polarity to the hydrogen molecule 
as the contribution of the two ionic forms is exactly equal and the electron 
cloud due to the two electrons forming the bond is symmetrical. The absence 
ofa permanent dipole moment has been proved for all homonuclear diatomic 
molecules, ¢.g. H,, No, Ov, Cl,, Bro, I,, ete. 

It is possible to show that for covalent bonds between different atoms, 
the dipole moment does not excced 0:1 D. For a purely ionic bond the 
dipole moment « must be equal to 

= ed 

where e is the charge and d the distance between the centres of the ions. 
Intermediate values of the dipole moment show that the bond is ncither 
enurely covalent nor purely ionic, but is formed by a superposition of the 
covalent and ionic forms ; a comparison of values of dipole moments of 
different bonds permits a quantitative assessment of the contributions of 
the covalent and ionic forms in a bond to be made. It is necessary to 
appreciate, however, that the magnitude of the dipole moment is dependent 
on two factors, the charge and the internuclear distance. Thus for a 
comparatively small effective charge, the dipole moment may be significant 
if the bond length is considerable. A more significant characteristic of 
polarity than the dipole moment would perhaps therefore be the ratio 
between the observed dipole moment and the interatomic distance. 

From the experimental values of dipole moments it is possible, in a 
number of cases, to make a semi-quantitative evaluation of the weights of 
the various valence bond structures contributing to a bond (see Chapter 18). 
These calculations must be regarded as only approximate since the bond 
is described in terms of the Heitler-London theory with the superposition 
of ionic states. The results cannot, therefore, be more precise than is 
permitted by the Heitler-London approximation. Nevertheless, the cal- 
culations are of significance since they permit an assessment to be made 
of the more important structures contributing to the bond and thus assist 
in predicting and explaining the reactivity of bonds. 

According to Pauling, a bond in a diatomic molecule may be regarded 
as a resonance hybrid of only two structures, the ionic and the covalent; 
the contribution of the transitional structure is thus assigned partly to 
the ionic and partly to the homopolar states (in Chapter 3, and in particular 
in Chapter 7, it was shown that the wave function for a bond may be 
represented by a combination of the following functions : ,(1)¥,(2) 
+ ,(2)u,(1), representing the homopolar molecule ;_ ¥,(1)¥,(2)¥5(1) ¥.(2), 
representing the transitional structure and ¥,(1 J be(2 ) + ¥,(t)¥.(2) repre- 
senting the ionic structure). This treatment causes, in general, an over- 
estimate of the contribution of the ionic structures, as for instance the 
O—H bond in H,O, which Pauling does not consider to be correct (see 
DyaTKiNna’). The calculation of the contribution of the transition structure 
and its separation from the other two structures is most important since it 
is in the transitional structure that the quantum mechanical concept of 
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exchange occurs and as we have seen, it is the exchange energy which is 
largely responsible for the stability of the molecule. 

During the following discussion we shall employ wherever possible dipole 
moment data obtained from measurements on gases, since these values are 
the most accurate. When such data are not available the values are taken 
from measurements on dilute solutions in non-polar solvents. Such values 
Table LXXVII. Dipole Moments and Weights of Structures 27€ Genoted by the sub- 


in Hydrogen Halides script s. : 
Table LXXVIII gives the 


Internuclear | Weights of bond structures per cent dipole moments and the 

Bond | Dipole moment | distance |———— ——— —______ : 

D A Homopolar | Ionic | Transitional calculated weights of struc- 

H_F ooo ee i ge ga, gs ES for the hydrogen 

H—Cl 1-03 1°27 71 6 23 halides. The data show, in 
—_— oO I°4! ‘ 1 ° ° 

HI 0-48 ret 7 | ; 8 agreement with the chemical 


behaviour, the increasing 
homopolar nature of the bond in the series, HF, HCl, HBr, HI, the tran- 
sitional structure in each step making a greater contribution than the 
ionic structure. 

The resultant dipole moment of a polyatomic molecule is conditioned by 
the presence of polar groups and bonds, each of which may be regarded as 
having its own dipole moment ; the total dipole moment of the molecule 
is obtained by adding vectorially the moments of all the bonds. This pro- 
cedure is supported by the data of Eucken and Meyer® and may be 
illustrated by considering the water molecule. The water molecule is 
triangular in shape, with the H—O—H bond angle having the value 105°. 
The resultant moment of the molecule will therefore be the vector sum of 
the moments of two O—H bonds. From the experimental value for the 
water molecule of » = 1°84 D and the formula that 


245,008 52° = 1-84 
we obtain 
Mog= 1:51D 
Making a similar calculation for dimethyl ether we obtain Hon,-o = 1-12 D. 


Applying these values to methyl alcohol which contains one CH;—O and 
one O—H bond, 


O 
JN 
H,C H 


we find that the calculated value, 1-71 D is very close to the experimental 
value 1-69 D. 


Table LXXIX. Relative Weights of Valence Structures 


Dipole Dipole | Weight of structures 
lency 
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The vector addition of dipole Table LXXX. 
moments is only permissible if the Relative Weights of Valence Structures in H,O 
weights of the ionic states in the” — &+&3) 


various bonds does not alter signifi- Structure Weight of structure 
cantly in the various compounds, such percent 

as would be produced if molecular =-=——=———<“i‘—~———CS) 

resonance occurred ; in these cases Homopolar 

only is it possible to assign definite H-O—H eT 27 
values for the contributions of the Single tonic form : 

various valence bond structures. The !!* O-—H HW) 2X95 = 19 
data for the bonds OH, OR, NH, Double ionic form 

NR and SH are given in Table H* OY H* HI 4 
LXX1X and the weights of the various Tyansitional -u ce 
structures contributing to the bonds Transitional LU 8 
have been calculated and are given 7ransttional H-MI II 


in Tables LXXX to LXX XVII. Se eee 
It is possible to make certain general deductions from Tables LXXX 


Table LXXXI, Relative Weights to LXXXVII. The contribution of the 

of Valence Structures in CH,OCH, entirely ionic structures of the type 
suggested by Kossel, in which the 

Structure Weight of structure electronic structure of the ions re- 
percent —__sembles that of an inert gas, is found 

Homopolar | to be insignificant. Thus in water the 
CH,—O—CH, I 57 contribution of the structure 
Single ionie form H+O?-H? is 4 per cent whereas in 
+CH, O-—CH, J/} 2x5=10 dimethyl ether the corresponding 
Double ionic form structure *CH, O?— +CH, contni- 
+CH, O* +CH, III I butes only 1 per cent. This observa- 


tion must be connected with the small 

affinity of oxygen for two electrons, 

1.¢. although the electron affinity of O 

a ——— is considerable, that of O- is negative. 

The single ionic structures are, however, significant, the contribution 
+ —_ be 3 _ 

eee aah ee Epanrite e selma 

; es . Relatwe Weights of Valence Structures in CH,OH 

In ammonia there is no evidence for 
the existence of the triply ionic form 


Transitional I-W 
Transitional 1-1ll 
Transitional i-Ul 


n 
NGO sQ 


(Table LXXXII]) a fact which is ex- ee ee en 
plained by the exceptional endothermic ———________ 
nature of the reaction N->N3-. Ofthe ae 
Se wea . 
possible ionic structures of ammonia, CH,—O ey ee 
only H, N- H* (13:5 percent) appears eee 
to be of significance. The ammonia one pee form ‘i 


molecule is a trigonal pyramid with ~*~ 
the nitrogen atom at the apex and fee nee eee uw 
the three hydrogen atoms in the plane ie ae 

of the base. The NH bond length yop 7Gx- Ty” py 
is tor A and the distance from theapex estas 
of the pyramid to the centre of the /rannitio = 
base is 0-3 A. If we assume that there aise oi ase 
is one negative charge at the apex of 
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Table LXXXITI, 
Relative Weights of Valence Structures in NH, 


Structure Weight of structure 
per cent 
Homopolar H 
H—N I 16 
FI 
Single tonic H 
form / 
HtN- WT | 3X 495 = 135 
H 
Double tonic 
form Ht 
H — N2*- Ii] 3X13= 39 
Ht 
Triple tonic 
form = 
H+ N3- IV 03 
H- 
Transitiona! 1-1] 27:3 
Transitional I-I] 15 
Transitional I-IV 3 
Transitional II-TII 15 
Transitional II-IV 4 
Transitional {I-IV 2 


the pyramid, 7.e. on the nitrogen 
atom, and one positive charge in the 
centre of the base, 7.e. shared equally 
amongst the hydrogen atoms, then 
the dipole moment will be, »=4°8 
x 10719 x 0-3 KX 1078 = 1°44 XK 10738 
e.s.u, which is close to the experi- 
mental value of 1-46x107}8® e.s.u. 
We may thus obtain an approximate 
picture of the nitrogen molecule as 
having a single negative charge on 
the nitrogen atom and one third ofa 
positive charge on each of the hydro- 
gen atoms. From this argument it 
follows that the nitrogen must be 
essentially divalent. 

Homopolar structures make a sig- 
ficant contribution in all the molecules 
observed and their weight increases 


in the series water, alcohol, ether 
(27, 36 and 57 per cent respectively). 
In hydrogen sulphide the contribution 
is much greater than in water (67 
compared with 27 per cent). Re- 
placement of hydrogen by a methyl 
group causes a gradual increase in 
the contribution of the homopolar 
structure in amines, the values for 
ammonia, primary, secondary and 
tertiary amines being 16, 24, 38 and 
61 per cent respectively. In methy]l- 
amine, the structure with a positive 
charge on one hydrogen atom 12.e. 
CH, "NH Ht makes a contribution 
of 6:8 per cent whereas the analogous 
structure with a positive charge on 
the carbon, tCH, —NH,, makes an 
Insignificant contribution. This ob- 
servation is in conformity with the 


Table LXXXIV. 
Relative Weights of Valence Structures in CH,NH, 


Weight of structure 


Structure 


per cent 
Homopolar 
CH,—N I 24 
\ 
H 
Single tonte 
form (two) Ht 
H,—N- II 2x 6.8 = 13°6 
Single ionic H 
form F 
+CH, N7- I 
\ 
Double 
ionic form Ht 
CH 3—N 2— 2 
Ht 
Double ionic 
form (two) Ht 
+CH, N?*- 2X1=2 
\ 
H 
Triple toni 
form H+ 
+CH, N5- ol 
Ht 
Transitional I-IT 42 
Remaining transitional 15 
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fact that the single bond C—N is 


The data show that the transitional 
structures make important contri- 
butions to the structure of the mole- 
cules and may not be ignored. In this 


respect our data differs from that of CHs 


Pauling who did not consider the 
transitional structures separately. 
Comparison of the dipole moments 
for NH,, PH, (0°55D) and AsH, 
(0:16 D) show that the PH bond is less 
ionic than the NH bond, whereas the 
AsH bond is almost entirely homopolar. 
From the dipole moments of the halides 
of phosphorus, arsenic and antimony 
it is possible to calculate the contri- 
butions of the ionic states in these 


Table LXXXV. Relative Weights 
of Valence Structures in (CH,) NH 


Myeight of structure 
| per cent 


Structure 


CH, Homopolar 
N — H I 
CH, 


CH, 


38 


Single tonic form 


N- Ht JJ 11 
/ 
CH, 


Single tonic 


CH; 


CH, 


CH; 


+CH, 
+CH, 


+CH, 
+CH, 


Transitional 


Table LXX XVI. 
more homopolar than the NH bond. Relative Weights of Valence Structures in N(CH3) 2 


Structure 


Flomopolar 
N —CH, / 


Single tonic form 
(threc) 
N- +CH, UH 


Double tonic 
form (three) 
N?~—CH, JI] 


Triple ionic form 
N?- +CH, IV 


I-If 


Remaining transttional 


| 
| 


Wetght of structure 
per cent 


61 


3% 33=99 


3X 016 =0°5 


23 


*+CH, form (two) 


N7- —H Jil 


double tonic 


\ form (two) 
N27 Ht IV 
+CH, 


double 
+CH, toni form 
N*- —H V 
+CH, 
*CH, 


*+CH; 


triple ionic form 
N@- Ht VI 


Transitional f-Il 
Transitional M-Il 
Remaining transitional 


2xX2=4 


molecules. The polarity of the bonds 
Gecreases in the series fluorine, 
chlorine, bromine and _ iodine: 
AsF, pn, = 2°65D; AsClju,=2-15D; 
AsBr, wu, = 16D; AslI3,u, = 1-0 D. 
The values of the dipole moments of 
phosphorous halides are less than 
those of the corresponding halides of 
arsenic, whereas the values for anti- 
mony are greater. Thus, for example, 
the dipole moments of the bromides 
are: PBrz, p,=06D; AsBry, 
H,= 16D; SbBry, p,=2:5 D. This 
change indicates the increase in the 
ionic character of the bonds and is 
in agreement with the general con- 
ception of the electropositive character 
of these elements. 
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Table LXXXVH The dipole moment of nitrogen 

Relative Weights of Valence Structures in H,S trifluoride NF, is almost zero, which 
lo. ~~ indicates, since the shape of the mole- 

Structure | Weight of ere cule will be a trigonal pyramid as 

__ Pectin NH,, that the N—F bond is 
| homopolar, notwithstanding the high 


H—S—H a 61 electronegativity of fluorine. This 

may be explained by the fact that 

aingie tonic fort (fui) the positively charged, divalent state 

sae aes 1} 2X25=5 of nitrogen, as distinct from the nega- 

Double ionic form tively charged, divalent state, is 

H+ Ss Ht nh Or! improbable. In oxygen compounds 

. the contribution of the positively 

Transitional I-II | Q4 

Remaining transitional | 9°9 


charged trivalent state —O+t is not 


great, the contribution of the corresponding state is, however, greater in 
sulphur and greater still in selenium. In the case of S,Cl,, », = 1-6 D and 
for Se,Cl,, «, = 2°6 D and most probably the structures 


Set=Se Se==Set 
and 


7 ~ 
Cl Cl- Cir Cl 


are present to a greater extent than in the corresponding sulphur compound. 
TeCl, has the large moment of 2-54 D which is explained by the irregular 
tetrahedral arrangement of the bonds as shown by electron and x-ray 
diffraction measurements’. 

If ozone, Oj, were represented as a resonance hybrid of the two tonic 
structures 


Ot OF 


ZN x XS 
O O- Oo O 


the dipole moment would be of the order of 1-6 D. The experimental value, 


us = 0:49 D, has been interpreted by PHitiips, HUNTER and Sutton? as 
indicating a considerable contribution from the forms 


O 
L and IN 
O O O O 


In SO,, however, the experimental value of the dipole moment is 1-60 D 
in agreement with that calculated from the structures 


St St 
oN and —_ 
O O- O- O 
In SO, the moment is zero in agreement with a symmetrical, planar con- 
figuration. The marked polarity of N,O,;, p, = 1:39 D, is most probably 
explained by the nitrogen being in the positive, tetravalent state and with 
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two negative charges shared by the oxygen atoms. 
The molecule may thus be represented as a re- 
O O 


sonance hybrid of the structures 

O- O O | 

Neat Se Nar SZ 
N+ N+ N+ N+ 


$ 6- 


‘The repulsion of the two positively charged 
nitrogen atoms will tend to increase’ the 
N—O—N angle and thus to decrease the dipole 
ioment. 

The experimental value for the dipole moment 
of hydrogen peroxide is p,=2:13 D, which is 
in agrcement with the formula proposed by 
RoBERTSON!! in which the two O—H_ bonds 
are at an angle of 106°, as shown in Figure 37. 

The absence of a dipole moment in mole- 
cules such as HgHal, and BeHal, is in agreement 
with the proposed linear configuration of these ~ 
molecules. ‘The two equal moments of the bonds ee 37. Structure of the 
. : ‘ : ; . wdrogen peroxide molecule 
are directed in mutually opposite directions, with 
the result that the molecule has a zero moment. A similar compensation 
of bond moments 1s responsible for the zero moment of BHal, molecules, 
which has a symmetrical planar configuration. 


DIPOLE MOMENTS OF HYDROCARBON MOLECULES 


Symmetrical tetrahedral molecules such as CH,, CCl,, SiH, SiCl, etc have 
a zero dipole moment. Let us consider methane, CH,, in some detail. 
We shall let the moment of each CH bond be peg and calculate the resultant 
dipole moment of the -CH, group in the CH, molecule. The configuration 
of this group will be a regular trigonal pyramid with the carbon atom at 
the apex and the three hydrogen atoms at the base. The resultant moment 
due to the three CH bonds will be directed along a line joining the apex to 
the centre point of the base. This line lies in the direction of the extra- 
polation of the fourth CH bond in CH,. The resulting moment of the -CH, 
group will thus be equal to the sum of the projection of the three CH bond 
moments on this line viz 
Mous= 3ptcncos(180° — 109°28’) = pcg 

Thus we sec that in molecules such as CH,, having a symmetrical tetrahedral 
structure, the resultant moment of the -CH, group is always exactly equal 
and opposite to the moment of the CH bond. Thus the moment of CH, is 
zero and furthermore, since pcy,= ca, the replacement of a hydrogen 
atom by a methyl group will not cause an alteration of the moment. 

The evaluation of the moment of the CH bond from experimental data 
has so far proved impossible, although some authors have suggested a value 
of approximately 0-4 D. It would be best, however, for the present to regard 
the moment as very small and assume that the bond is almost entirely 
homopolar. This conclusion is in agreement with the bond energy data. 

The symmetrical arrangement of the CH bonds in ethylene, acetylene 
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Table LXXXVIL. Dipole Moments of Unsaturated Hydrocarbons 


Molecule Dipole moment Molecule Dipole moment 
D D 
CH,CH=CH, 0°35 | C,H,C=CH o-80s 
CH,CH 2»CH=CH, 0°30 CH 3C,H,C= CH I-ols 
CH,),C=CH, 0°49 C,H,C,H,C=CH 1°055 
H,CH=CH—CH=CH, 0:68 (CHS) 2,CHC,H,C=CH I°I2s 
CH = C—CH= CH, 0°38 | 
CH, | Cue 0-655 
CH,—C(CH,)—C(CH,)=CH, 0°52 | CH, 
C,H;CH, 04 | 
C,H,;C.H; 06 i 
C,H;C(CH;), 0-7 } 1 
C,H ,CH=CH 0°375 | 0-455 
CH,C,H,CH=CH, obs | me 
C.H,;C,H,CH=CH, o-6s 
(C.H,),C—CH, 0°55 | Yo Nis ds 2 
CH,C=CH 0'775 | | NN 0-65 
\G- CH 
C,H,C=CH 0-85 | ; 
C,H,C=CH 0:87 
C.H,,C=CH 0-86 | 
Te | (C,H,);CH o-2ts 
| 


and benzene results in zero moments for these molecules and it might be 
expected that their homologues, e.g. propylene, methylacetylene and toluene 
should also have no dipole moment. The experimental data, however, show 
that many unsaturated hydrocarbons possess a small dipole moment 
(Table LXXXVIII). The carbon atom, as we have seen, may exist in either 
the positively charged trivalent state, or the negatively charged trivalent 
state. In saturated hydrocarbons these forms appear only in the bond 
resonance involving the ionic state, e.g. C-H+, in the CH bond; mn 
unsaturated hydrocarbons on the other hand, owing to the presence of 
a bonds, other valence bond structures are possible and contribute to the 
resonance of the molecule. Thus in propylene, together with the homo- 
polar structure 
CH,—CH=CH, 
I 2 3 
there are possible three ionic structures, due to the three H atoms in the 
CH, group 
tH CH,=CH—~CH, 

in which the localized mw bond occurs between the 1-2 carbon atoms in 
place of the 2-3. Because of the contribution of this structure, the molecule 
has a permanent dipole moment. The carbon atom in the 3 position thus 
possesses a negative charge and in the reaction of propylene with hydrogen 
chloride it would be expected on the basis of the above evidence that the 
hydrogen atom would bond to carbon atom 3 and the chlorine atom to 
carbon atom 2. This prediction is in agreement with the empirical rule of 
MARKOVNIKOV, which states that in the addition of HCl to a double bond 
the hydrogen atom becomes attached to the carbon atom bonded to the 
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greater number of hydrogen atoms. The product of the reaction is thus 
CH,CHHalCH,. The reason why the reaction gives this product, even 
though the contribution of the ionic structure may be very small, is due to 
the fact that the problem is largely one of the kinetics of two or more 
alternative reactions. Ifthe energy of activation 1s reduced slightly through 
the contribution of the ionic structure, the rate of reaction will be increased 
considerably owing to the exponential function in the rate equation. 
From the dipole moment of propylene, the relative contributions of the 
different structures may be calculated approximately!* ; these are found 
to be: homopolar, 94 per cent ; 1onic, 3 per cent ; transitional, 3 per cent. 
It is evident that the molecule is essentially homopolar, the contributions 
of the ionic and transitional structures being very small. In isobutylene, 
(CH ,),.C = CH,, the dipole moment is appreciable, having the value 
0-49 D, which may be attributed to the fact that the number of structures 
of the type 
+H CH, 
\ 
C—-CH, 


CH, 
is equal to six and the contribution of these forms will therefore be fairly 
large. In butylene CH,=CHCH,CHsg, the number of analogous structures 
wz —CH,—CH=CH—CH, 1s only two and the dipole moment is less, 
Ht 

being 0-3 D. In acetylene and acetylenic compounds the electron affinity 
of the carbon atoms taking part in the acetylenic bond is greater than in 
the case of the ethylenic bond. This is manifested in the acid character of 
acetylene as in the formation of acetylides, and in the dipole moments of 
acetylene derivatives which, as is shown in Table LXXXVIII, have a 
moment about 0-4 D greater than in the case of the corresponding ethylene 
derivative. The contribution of the ionic structures 


+H CH,=C=-CH 
in methylacetylene is estimated at 7 per cent, of the transitional structure 
6 per cent, and of the homopolar 87 per cent. If the molecule contains both 
a double and triple bond as in vinylacetylene, CH,=CH—C=CH, then 
owing to the greater electron affinity of the acetylenic compared with the 
ethylenic carbon atoms, the contribution of the structure 
+CH,—CH=C=+tCH 
is greater than that with the charges reversed. For this reason this com- 
pound, on reaction with hydrogen chloride, yields 
CH,CI—CH=C=(CH, 
Similar behaviour is observed with divinylacetylene, 
CH,=CH—C=C—CH=CH, 
in which the two forms : 
+CH,—_CH=C=C-—CH=CH, 
CH,=CH—C-=C=CH—tCH, 
are the main ionic valence bond structures. On reaction with hydrogen 
chloride, the molecule 
CH,CI—CH =C=CH—CH=CH, 
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is obtained?*. The polarity of 2-methylbutadiene is accounted for by the 
contribution of similar structures to those in propylene 
~CH,—C—CH=CH, 


+H CH, 
In 1-methylbutadiene, in addition to the structures : 
CH,—CH=CH—CH=CH, 
+H CH,=CH—-CH—CH=CH, 
there is an additional possible structure, 
+H CH,=CH—CH=CH—-CH, 
which will cause an increase in the moment}4. 
The polarity of the homologues of benzene is caused by resonance of the 
benzene ring: 
+H CH, +H CH, +H CH, 


| 


and toluene has a moment of 0-4 D. In fluorene, in addition to four 
homopolar structures, thirty six ionic structures are possible and are 
responsible for the existence of a dipole moment, 
one, 
Vi 

CH 

H+ 
and will be responsible for the acid properties of the hydrogen atom in the 


Q position ; indene also has an appreciable moment for the same reason. 
Cyclopentadiene is polar owing to the resonance of the structures 


? Vv) \ 
CH, +HCH +HCH 


In symmetrical unsaturated hydrocarbons, e.g. CH;CH=CHCHsg, it is 
necessary to consider the structures 
+H CH,=CH—-CH—CH, and CH,—-CH—CH=CH,H+t 
when discussing the reactivity of the molecule but owing to the symmetry 
of the molecule, the moments are mutually compensated and the molecule 
has zero dipole moment. 


DIPOLE MOMENTS OF ALIPHATIC COMPOUNDS 

The dipole moments of derivatives of the saturated hydrocarbons are 
generally found to be almost independent of the chain length and of the 
branching of the chain as shown by the data for the alcohols and for the 
chloro- and nitro-parafins (Table LXXXIX). The dipole moment is 
therefore due almost entirely to the polarity of the bond ; thus in alcohols 
the dipole moment is due to the COH group, in nitro-compounds to the 
CNO, group and in chloro-compounds to the CCI bond. 
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Table LXXXIX. Dipole Moments of Derivatives of Aliphatic Hydrocarbons 


| r 
Dipole | | Dipole Dipole 
Molecule moment Molecule yroment | Molecule moment 
CH,Cl 1-92 || CH,OH 169 CH,NO, 3°54 
C,H,Cl 2:05 | C,H,OH 1:70 ' C,H,NO, 3°58 
n-C,H,Cl 2°10 | n-C,H,OH 1-64 | 2n-C,H,NO, 3°57; 3°67 
n-C,H,Cl 2-12 | n~C,H,OH 1:66 | n-C,H,NO, 55 
(CH,) ,CHCI 2:15 || n-C,H,,OH 1-65, || (CH,),CHNO,| 3:67 
(CH,),CHCH,ClI 2:04 || n-C,H,,OH 164 || (CH,);CNO, 3°66 
CH,CH, | 
 (CH;) ,CHOH 158 
CHC] 2°12 | (CH,),COH 1.65 | 
yi, | (CH,),CHCH,OH] 1-63 | | 
CH, | | 
{ F 
CH,),CCl 2:13. | CH,=CHCH,OH | 1-63 | 
H,=CHCH ,C] 195 | | ; 
CH,—CH, | an) 
\ | 
CH, CHCl 2°07 ) | 
\ / | ! 
CH,—CH, | | 
| | 


Halogen derivatives— If we assume that the dipole moment of the CH, 
group, and hence of the CH bond, is zero, then it is possible to assign the 
whole of the moment of 
the alkyl halide mole- Table XC. Relative Contributions of Valence Structures in CHal bond 
cules to the CHal bond. 
The polarity of this bond 


| 
| Weight of structure 


. ; Dipole ' Internuclear per cent 
: caused Pik the super Bond | moment distance. =—_—————— —_—_—_——- 
position of the two states | D A | Homopolar | Ionic | Transitional 
> C-Haland >+C-Hal, ———— | _§ —_ —_____ 
and the values of the C—F | 1:83 I-41 58 =| 25 17 
contribution of these “Cl; 795 Pe | Or lange 12 

ee ee C—Br- 2-04 gr | 71 | 13 16 


are given in Table XC. 
The data shown serve to 
illustrate the fact that the dipole moment does not indicate, by itself, the 
ionic character of a bond. Thus the moments of the CF and CI bonds 
are very close, but the contribution of the ionic form in CF is much greater 


Table XCI. Dipole Moments of Halogen Derivatives of than in CI, as the interatomic 


Methane (D) distance is much less. 

: | If one carbon atom is 
x | F | Cl He attached to more than one 
Molecule | halogen atom, it is found that 
| ae the moment of the resulting 
CH,x 1-83 | 192 | 1:80 | 163 molecule differs from the 

CH,X, — 1°55 1°43 1:08 . 
CHX, 159 | 1-02 | o-g9 | 080 Vector sum of the constituent 


bond moments. This beha- 
| viour occurs, for example, in 
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the polyhalogen derivatives of methane, as shown in Table XCI. The vector 
sum of the bond moments in the group —CX, should be equal to the bond 
moment of CX, but as is shown in Table XCI, this is not the case, and 
the moments of all the CH, molecules are less than those of the corres- 
ponding CH,X molecules. Similar behaviour occurs in the CH,X, 
molecules and is also observed in the chloro derivatives of silane (SiH,Cl, 
p= 1-:28D; SiH,Cl,, » = 1:17D; SiHCl,, p = 0-85 D). This behaviour 
cannot be attributed to a change in the bond angles, which in every case 
are Close to the tetrahedral angle, nor to molecular resonance, but indicates 
that in a particular group the ionic states of the various bonds are not 
independent of each other. In CH,Cl, the carbon atom possesses a positive 
charge on account of the presence of one chlorine atom, and on substitution 
of a second chlorine atom to form CH,Cl, the existing positive charge on 
the carbon will decrease the ionic character of the second CCl bond. Thus 
the contribution of the structure 


H Cl 
ne 
C2+ 


Cl- Ci- 
to the resonance of the molecule is less than that of the structure 
H Cl 
ial 
\ 
Cl- Cl 
as is to be expected. The rather higher values of the dipole moment, 
compared with those given in Table XCI, observed for the molecules, 
CH,CHCI,, »=2:07 D ; CH,CC1,CHsg, »=2-25 D ; CH,CCl,, w=1-78 D ; 
CH,CF;, »=2:27 D, might appear to contradict the theory of the mutual 
suppression of ionic structures developed above ; however in these com- 
pounds resonance can occur, since valence bond structures of the type 
H+ Cl- 
are possible. In the example given, the number of such structures is nine, 
more than in CH,CH,Cl which is found to have a lower moment. For 
a similar reason, the moment of CH,CCI,CH, is larger than that of 
CH,CHCI,. In the polyhalogen derivatives of methane, similar structures 
are only possible if the carbon is assumed to be in the divalent state, 
+H CCI,CI-, which is not very probable. 

If the halogen atom is linked to a carbon atom taking part in a double 
or triple bond the moment is somewhat lower than if the bond is single 
(Table XCII). This fact indicates that in the vinyl halogen derivatives, in 
addition to the structures 

H H 


/ / 
CH,=C and CH,=Ct 
< 


Hal -Hal 
I Il 
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there will be an appreciable contribution from the valence bond structure 
containing a divalent, positively charged halogen, viz 
~CH,—CH =*Hal 
Tl 
In the halogen derivatives of the acetylenes, the corresponding structure 


makes an even greater contribution and the values of the dipole moments 
are less than in the case of the corresponding vinyl derivatives : 


HC=CHal HC=+tC-~Hal H—C-=C=+Hal 
I gi Ml 

Calculation of the relative 
weights of the structures of the 
halogen derivatives of the —————— 
acetylenes shows that the con- ~~ x |oa Br I 
tribution of the valence bond Molecule oe 
structure /// is not very great. ————____> —_—__|—___________ 
(Table XCIIT), nevertheless, CHs=CHX I-44 gr | 1-26 


Table XCII. Dipole Moments of Halogen Derivatives of 
Unsaturated Hydrocarbons (D) 


this small contribution is suffi- GHa=CXCH=CH, | 1-42 

; CH=CX 0-44 oO — 
cient to affect the resultant ¢.H,C=Cx 1-235 | 106s | 0-755 
dipole moment as the structures 
are strongly polar (the distance GsHiyC=CX 1-275 | 1-055 | 0-80 
between the charges in eles ae ones Bae 
H—C-=C=*Cl, is2-89Aand “°° ~ 


in H—C-=C= "Br, 3-01 A). 

In the phenyl vinyl halogen derivatives, structures containing a positively 
charged halogen atom and a negative charge, either in the side chain or in 
the benzene ring are possible, e.g. 


¢ —-CH—CH=x+ ‘y=CH—CH=X+ 


The increased resonance 

due to the benzene ring 

produces a decrease in 
; the dipole moment. 

ee Dialer ae paws The _ di-substituted 

eT sOCalogen derivatives of 

Dp |i |a\in|ri|tm|i-nm ethylene, in which the 


Table XCIII. Relate Weights of Valence Bond Structures in 
Halogen Derwatives of Acetylene 


ee halogen atoms are 
HC=C—Cl 0-44 | 49 | 16] 1 20 | 11 3 : " 
H—C=C—Br , 0o 57 | 7 | 05] 19°5| 13 3 aera alee, en 


and trans-isomers. In 
trans-dichlorethylene owing to the mutual compensation of the moments 
due to the two C-Cl bonds, —rgsie XCIV. Dipole Moments of Aliphatic Aldehydes 
which are directed in oppo-_ ——————____—__— 


site directions in space, the Dipole | 


| 
‘ : ; | 
dipole moments zero. With Molecule moment Molecule 
the cts compounds, on the D | 
other hand, larger moments [~~~ ee 
, . HCHO 2:27 || CH,;CH,CH,CHO 
are obtained (cts- CHCl CH,CHO 2°92 CH;CH=CHCHO 


=CHCl, »p = 1-89 D; «ts- CH,CH,CHO| 2-73 
CHBr=CHBr, » = 1-35D; 
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cw- CHI=CHI, » = 0-75 D). This difference in the dipole moments of 
cise and ¢érans-isomers may be used as a method of identification and for the 
analysis of mixture of the two isomers. 

Aldehydes— The dipole moments of various aldehydes are given in Table 
ACIV. In formaldehyde resonance can occur only in the carbonyl bond, 
structures / and JJ, since the structure J/I, with a positive charge in one 
of the hydrogen atoms, involves a divalent carbon atom. 


H H 
Nexo Not_o- 
4 / 
H H 
I i 
Ht 
C—O- 
7 
H 
MW 


If one of the hydrogen atoms is replaced by a CH, group, the structures 
T and JI still contribute to the resonance of the molecule, but in addition 
the structure /V is now possible 


/ 
HtCH,=C 


O- 
IV 
three structures 
and in agreement with this we see in Table XCIV that the dipole moment ot 
acetaldehyde is 2-72 D which is greater than that of formaldehyde, 2-27 D. 
Furthermore, replacement of the second hydrogen by a methyl group, to 
give acetone, produces a further increase of the moment to 2:95 D owing to 
the greater number of structures of type JV which are possible. 

If the molecule contains an ethylenic group C=C in addition to the 
carbonyl group, the molecular resonance is increased and the dipole 
moment raised. Thus in acrolein, CH,=CHCHO, the dipole moment 
measured in solution is 2:88 D, a value greater by 0-39 D than the dipole 
moment of acetaldehyde also measured in solution, 2:49 D. This is due to 
the contribution of the structure 


H 
+CH,—CH=C 


O- 
to the resonance of the molecule. In agreement with this picture of the 
acrolein molecule, the addition of hydrogen bromide to acrolein gives 
CH,BrCH,CHO, the negative bromine atom uniting with the most positive 
atom and the positive hydrogen atom with the most negative. A still 
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greater increase in dipole moment is observed with crotonaldehyde which 
will be due to the contribution of the structures 


H H 
/ 
CH,—+tCH—CH=C and Ht H,C=CH—CH=C 
\ 

O- O- 
Nitriles— In nitriles, structures of the type CH,—Ct+t=N7- will be re- 
sponsible for the dipole moment of the molecule. If the moments of 
hydrogen cyanide and of methyl cyanide are compared (Table XCV) a 


similar behaviour to that described for the aldehydes is observed. The 
corresponding valence bond structures are : 


H—C=N H—Ct=N- H+C=N- 
CH,—C=N CH,—Ct=N- H+CH,=C=N- 
I Il Tl 


The CC distance in methyl] cyanide ; les oes iat 
is 1-49 A compared with the single Table XCV. Dipole Moments of Aliphatic Nitriles 


bond value of 1-54 A, indicating ' Dipole | Dipole 
an appreciable contribution from Molecule | moment Molecule moment 
the structure J/J. The low moment ee D 
ahs not fully pean aie py 3°95 | Cel a2 
; » V™* CH,CN 3°94 || CH,—CHCN 3°88 
the high moment for crotononitrile C,H,CN| 4:02 || CH,;CH=CHCN | 4°50 


is in agreement with the expected CsH,CNj| 4:05 |; 
contribution from the structures 
CH,—+CH—CH=C=N- 
and 
H+CH,=CH—CH=C=N- 


DIPOLE MOMENTS OF 
AROMATIC COMPOUNDS 


Dipole Dipole The difference between the 

Nalecile’ Usmemen Molecule moment cuemical behaviour of the substi- 
D D _ tution products of benzene and the 
corresponding aliphatic derivatives 


Table XCVI. Dipole Moments of Aliphatic and 
Aromatic Compounds 


Suc” 04 are well known and are reflected 
CHNO, Pe in the values of their dipole 
C,H,CN 4-39 moments (Table XCVI). In chloro- 
C,H,;,CHO 3:16 benzene, in addition to the bond 

resonance structures, J and J, 
CHOH fi there are three additional structures 
C,H.SH 1-33 J/I, IV and V contributing to the 
C,H,OCH, 1-35 molecular resonance and the dipole 


C.H;OC,H; | 1:35 moment is lowered in comparison 
CcHsSCoHs | 1505 With the alkyl halides. 
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Ci Cl]- 
| Cl+ Clt+ Cl+ 
, Rk KA 
ome fF ay 
: / \ 
rf I sg0 IV Vv 


The polar character of nitromethane is due to the formation of a positive 
charge on the nitrogen and the sharing of the corresponding negative charge 
between the two oxygen atoms 


O O- 

O- O 
In addition to these structures there will be a contribution from the CN 
bond in which the carbon atom is negatively charged and the nitrogen 
positively charged. In nitrobenzene additional structures are possible in 
which both of the oxygen atoms are negative and the corresponding positive 


charges occur at the nitrogen atom and at either the ortho or the para carbon 
atoms in the benzene ring : 


O- O- O- O- O- O- 
Me Nf \ 74 
Nt Nt 


\F \ 


In benzonitrile, C,H,CN, the dipole moment is also noticeably greater than 
in methylcyanide, CH,CN, since the nitrogen atom may be negative not 
only with respect to the adjacent carbon atom, but also to the ortho and 
para carbon atoms in the ring : 

N- N- N- 

| kl i 

C C 


A. ; 


VV v 


+ 


Similarly, in the case of benzaldehyde, in addition to the bond resonance 
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in the carbonyl bond, >C=O ; >Ct—O-, there are also the additional 
structures 


H O- H O- H O- 
or A ee So 
C C C 


ys & 4 


4 \ 


which contribute to the resonance of the molecule and bring about an 
increase in the dipole moment. 

In aniline there are three additional structures containing a tetravalent, 
positively charged nitrogen atom : 


compared with the aliphatic amines. The basic properties of the aromatic 
amines are thus reduced in comparison with the aliphatic amines since the 
nitrogen atom is already partially tetravalent, and thus partially neutralized 
on account of the resonance with the benzene ring. 

In the phenols, the structures J to J/J, which cannot occur in the alcohols, 
as well as the structures JV to VI, tend to reduce the dipole moment. The 
acid properties of the phenols compared with the alcohols are due to the 
contribution of the forms JV to VI. 


pa vas H H+ Ht Ht 


Vi 
J 


ne ° 


Iodobenzene reacts with chlorine to form phenyliodochloride C,H,;ICl,, 
which is considerably more stable than the aliphatic todochlorides. In 
phenyliodochloride, the following structures are possible, and the stability 
of the molecule will be due to the resonance energy of the molecule. In 
solution the dipole moment is 2-61 D1, 1.e. 1-3 D greater than iodobenzene. 
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Such an increase could not be due to a polar bond between the iodine and 
chlorine atoms and resonance, involving the benzene ring must occur : 


Cl Cl Cl C]- Cl- Cl- 
‘7 S 
I [+ I+ 
| 
* 
\ / 
two structures three structures 


In derivatives of diphenyl, owing to the presence of two benzene rings, 
the number of possible resonance structures is greater than in the case of 
the corresponding benzene derivatives and the dipole moment is increased. 
Thus with p-aminodipheny]l : 


"<—OD 


the dipole moment, is 1:76, D, which is 0-23 D greater than in aniline owing 
to the contribution of structures showing resonance in both the benzene 


WOK OD 


Iwo Structures 
two structures 


In p-aminoazobenzene, p, = 2:71 D; one of the nitrogen atoms in the 
azo group may be negatively charged. 


Onn, 


The difference in the dipole moments of p-nitrodiphenyl, J, u, = 4:17 D, 
and of the meta isomer, J/, p, = 3°40 D, is due to the exclusion of the second 
ring from the molecular resonance when the nitro group is in the meta 
position. 


OD OO 


The experimental] data on the dipole moments of aliphatic and aromatic 
compounds clearly indicate the existence of molecular resonance in the 
latter. The resonance, which produces either positive or negative charges 
on the carbon atoms in the ortho and para positions, determines the 
specificity, which has been observed in the substitution of the benzene 
nucleus. The substituent groups may be divided into two classes deperding 
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upon whether their presence gives rise to negative or positive charges on 
the carbon atoms in the ortho and para positions. The most important of 
the groups giving rise to negative charges are: CH,, Hal, OH, NHg, 
OCH, N(CH,)., and of those giving rise to positive charges: NO,, CN, 
CHO, SO,H, and COOH ; the first class lead to substitution predominantly 
in ortho and para position and the second class to substitution in the meta 
position. This selective substitution is not only dependent on the nature of 
the charges in the carbon atoms of the benzene ring and the substituting 
group, but also on the different energies of activation of reactions in- 
volving carbon atoms with different electron densities!’. The quantitative 
treatment of the direction of substitution in the benzene ring presents many 
difficulties, since the difference between the effects producing the different 
types of substitution is not large. This may best be brought out by consider- 
ing an example. Let us suppose that the substitution in the ortho position 
procceds ten times faster than the corresponding reaction in the meta 
position. Since the rate of reaction is proportional to exp (— E/RT ), where 
E is the energy of activation, it follows that the energy of activation for the 
ortho substitution reaction is only 1-4 keals less than that for the meta 
substitution reaction. Thus although there is a very noticeable and signifi- 
cant difference in the nature of the reaction product, it has been produced 
by only a small difference in the properties of the ortho and meta carbon 
atoms. In this connection it should be emphasized that the contribution 
of the valence bond structures showing molecular resonance is not great 
and the bond is very largely homopolar. Nevertheless, because of their large 
dipole moment, the small contribution of the polar structures is generally of 
great significance in determining the properties of the resultant molecule. 

Sign and direction of the dipole moment— For the determination of the dis- 
tribution of positive and negative charges in various structures we have 
been guided by data on the possible valency states of atoms. The direction 
of the resulting dipole moment, however, is not always clear. For example, 
it is necessary to have experimental data in order to determine whether, 
in toluene, the methyl group carries a positive charge and the benzene ring 
a negative charge or vice versa. For this purpose it is necessary to have a 
second substituent group in the benzene ring with which there is no doubt 
as to the directional nature of its dipole moment. Thus, for example, in the 
halogen derivatives of benzene, there is no doubt that the chlorine atom 
forms the negative end of the dipole. The effect of structures of the type 


— 4 —=Cl* reduces the dipole moment, but does not cause a change 


of direction. Returning to the problem of toluene, we find that the dipole 
moment of #-chlorotoluene, p, = 1-90 D is greater than that of chloro- 
benzene, pw, = 1°55 D. This result is only possible if the moments act in 
the same direction J. Consequently it is concluded that the methyl group 
forms the positive end of the dipole. 


cH,-€ >—Cl ON-C >—Cl 


+> +> -~<+ +>- 
I 


The dipole moment of p-nitrochlorobenzene, p, = 2:78 D, 1s less than the 
dipole moment of nitrobenzene, up, = 4:01 D, which indicates that the 
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moments are directed in different directions, JJ. Consequently in nitro- 
benzene the moment is directed from the positive ring to the negative 
oxygen atoms. The lower value of the dipole moment of p—-chlorobenzo- 
nitrile, p-CIC,H,CN, u, = 2°08 D, compared with that of benzonitrile, 
4°39 D, indicates that the moment is directed from the ring to the 
nitrogen, in accordance with the resonance structures given above. 

The dipole moments of the isonitriles, RNC, are related to the contri- 
bution of the structures R—N+=C- and R—N=C to the resonance of the 
molecule, and comparison of the moments of CsH,NC, p, = 3°49 D, and 
f-CIC,H,NG, yp, = 2-07 D, supports the following charge distribution 


eo Ne 
Cl Nay N=C 
ee ists i se 


Owing to the planar configuration of the benzene ring, it will be clear 
that in C,H,CH,, C,H;,Hal, CGH;NO,, C;SH;NC and C,H,C=CH, the axis 
of the dipole moment corresponds to a line in the plane of the ring passing 
through the benzene carbon atom and the substituent atom or group 
linked to it ; such groups or atoms may be described as being regular. In 
other cases this is not so. Thus in phenol for example, the moment is not 
directed along the CO bond since there are two polar bonds, CO and OH, 
which are at an angle to each other and consequently the resultant moment 
forms an angle «ith the axis of the CO bond. The valence bond structures 
I to Lil (see page 221) decrease’ the moment 
of the CO bond, whereas structures with Table XCVII.  Valency Angles from 
positive charge on the hydrogen atom, JV Dipole Moment Data 
to VI, influence the direction of the resulting | 
dipole moment of the molecule. Similar Group Angle | Group | Angle 
irregular structures occur with substituent 77 |—__" | 1 


groups such as NH,, OH, OCH, N(CH,),, NO a9; | OCHS 128, 
SH, SCH,, GOOR, CHO. Fucus and N(CH;,), | 34° || COCH,; | 50° 
Wo tF!® have calculated from the dipole OH 38° 


moment data the values of the valency 
angles (Table XCVII). 

Di-substituted derivatives of benzene— The comparison of the experimental 
values of the dipole moment of di-substituted derivatives of benzene with 
the vector sums of the individual bond or group moments leads to some 
important results. If in the benzene ring there are two regular groups then 
the axes of the moments p, and p, in the ortho position will form an angle 
of 60°, in the meta position an angle of 120°, and in the fara position an 
angle of 180°. The vectorial sum of the moments will be given by : 


ortho pe = (Jy? ++ pg? + py)! .. (10.21) 
meta jp = (py” + He” F pbe)# ..+.(10.22) 
para p=py, + bo »... (10.23) 


The upper signs in formulae 10.21 to 10.23 correspond to the case where 
the directions of the moments of the substituent groups, relative to the ring, 
are the same and the lower signs refer to the case when they are opposite. 
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In the particular case when the substituent groups are identical, as in the 
dichlorobenzenes, 4, = p, and we have : 


ortho yp 
meta p 
para p 


(34,7) # 
My 


= 0 


» +. (10.24) 


.... (10.25) 
.... (10.26) 


If in an irregular group the angie between the direction of the moment and 
the axis of the molecule is known, the vector sums of irregular groups may 


be measured?9. 


The dipole moment measurements on di-substituted 


benzene derivatives have generally been obtained by measurements in 


dilute solution. 


Therefore, for calculating the vector sum it is necessary to 


take data for the monosubstituted derivatives which have been determined 


in solution. 
recorded in Table XCVI. The 
values are: C,H;Cl, 1-55 D; 
C,H;Br, 1:52 D; OG .H;NOg, 
3:96 D; C,H,CN, 3-92 D; 
C.H;NH,, 1°53 D; C,H,OH, 
1°56 D. 

In all the derivatives of toluene 
it is found that the calculated 
values almost correspond with 
the experimental values, Table 
XCVIT, which shows that the 
two substituent groups have little 
effect on each other. Most 
probably this will be due to 


These values differ slightly from the gas phase measurements 


Table XCVIH, Dipole Moments of Molecules of the 
Type CH,C, HX 
ortho meta | para 

x |__|; —_ 
Hesp | Heak | Hern | Heale _ Hezp | Peale 

ma cs | | 
Cl 35 | 039 | 1°78 | 1°79) 1:90 | 1°95 
Br 144 | 1°37! 1-75 | 1°76 | 1-94 | I-92 
I Ie2r 0 rs | 1°57 | 1°54 1] 1°71 | 1°70 
NO, | 3°66 | 3°76 | 4:17 | 4:16 | 4-44 | 4:35 
CN | 3:77 | 3°74 | 4:18 | 415 | 4:37 | 4:30 
NH, | 58 | 074 | 143 ) 146 | 127 | 1°25 
OH | t4r [| 161 | 1°54 | 1-60 | 1°57 | 1-60 


the small polarity of the methyl group. When the substituent groups 


Table XCIX. Dipole Moments of Di-substituted Benzene Derivatives 


ortho meta | 
xX Y —— | 
Hexp Heale Mezp | [ecle 
NH, | NO, 4°26 | 3:64 | 4°85 | 4°74 
Cl NO, 4°59*| 5°26*) 3-69*! 3-68" 
Br NO, 4°20 | 4°88 | 3:41 | 3°45 
I NO, 3°92 | 4°72 | 3°43 | 3°48 
Cl | CN 4°75 | 4°88 | 3:38 | 3-40 
Cl ICI, 2°95 | 3°6 2°11 | 2°27 
Cl C=CH | 1-69 | 2°13 | 1°38 | 1°36 


Ee 


6-17 | 5:21 
2:78*| 2-52* 
2:60 | 2°43 
3°04 | 2°65 
2°53 | 2°35 
1°30 | 1:06 
0-96 | 0:68 


* These values were obtained from measurements in the gas phase ; all 


other measurements were made in solution. 


are strongly polar, as in 
the halogen derivatives 
of nitrobenzene or in 
the nitroanilines, al- 
though good agreement 
is observed in the case 
of the meta derivatives, 
considerable deviations 
occur in certain cases 
with the para and ortho 
derivatives (Table XCIX). 
Thus in p-nitraniline 
the experimental value 
is greater than the cal- 
culated value, owing to 


the contribution to the molecular resonance of the structure J. 


H 


x 
Nt 


H 


I 
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In a similar way, the contribution of structure IJ in p-chloronitrobenzene 
and of structure //J in CIC;H,C=CH, decrease the moment of the CCl 
bond so that the resultant moment of the molecule is increased. 


i. 
aro cme =C=-cH 
" 


If ITI 


The difference between the calculated and experimental values in ortho 
derivatives is also due in part to the additional structures JV and V which 
are possible in the di-substituted derivatives : 


O- O- 
H O- 
Nt Cit 
Ni Nt 
iY a O.. 
\4 Va 
IV V 


In addition, however, steric effects may influence the structure of the 
molecule, especially if the groups are large when, because of their close 
proximity, they may cause mutually induced moments. These various 
factors are difficult to separate and the anomalies observed are generally 
referred to as the ortho effect. 

The nitro group and the nitrile group give rise to structures in which 
the ortho or para carbon atom is positively charged : 


O- O- N- 
Nt C 
VV VY 
+ + 
In the nitrobenzonitriles, such resonant structures will be mutually suppressed 
and consequently no large deviations from the additivity rule occur, such 
as exist when the two groups are of opposite charge so that the resonance is 
augmented by additional valence bond structures. The dipole moment of 
f-nitrobenzonitrile is zero, of o—nitrobenzonitrile, 6-19, D and m-nitro- 
benzonitrile, 3:78, D. Similar behaviour is observed with the di-substituted 
halogen derivatives of benzene and with the phenylenediamines. 
In the polysubstituted derivatives the importance of additional valence 


bond structures is even greater in determining the resultant dipole moment. 
For example, in picramide, it might be imagined that the moments of the 
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nitro group in the 2, 4 and 6 positions would cancel and the moment be 


NH, 
O,N NO, 


equal to that of aniline, », = 1:53 D. This is not the case, however, since 
the nitro groups are distributed in the ortho and para positions with respect 
to the amino group, with the result that additional valence bond structures 
are possible which contribute to the resonance of the molecule. These 
structures are : 


HOH H H > WR 
y ww, -_. 
Uk “) 

ON, No ON” YNO, Bae Y \wo, 
Ve \} \Z 
No, No, 

Nt 
ae Me, 


The dipole moment is therefore much greater than that of aniline, being 
3:25, D, measured in dioxane solution. 

Resonance of the type existing in p-nitraniline, is also present where 
several benzene rings are linked together, so long as the resonance of the 
ring systems is not blocked by a saturated carbon atom as in the diphenyl 
methane. Thus in 4-nitro—4’-aminodiphenyl (J) together with 


O- Fi 


are <> 
re: ed 
ON ><>, ra mt ‘ 


I] 


the resonance structures occurring in nitrobenzene and aniline, structures 
in which resonance occurs in both rings (JJ) are possible. The contribution 
of such structures noticeably raises the dipole moment (see Table C). 
Derwvatives of durene and mesitylene— In Chapter 9 it was pointed out that 
in derivatives of durene and mesitylene steric factors due to the methyl 
groups may hinder the resonance of the substituent group with the 
ring system. In Tables CI and CII the dipole moments of these compounds 
are compared with the corresponding aromatic and aliphatic derivatives. 
The dipole moments of the acety] derivatives of durene and mesitylene are 
very similar to the value for acetone but lower than that for acetophenone, 
where resonance with the ring occurs. In aldehydes, on the other hand, where 


apparently there is no steric hindrance, the moment is almost identical with 
that of benzaldehyde. 


H 
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Table C. Dipole Moments of Molecules containing Many 


Resonating Systems * 


Molecule 


O 2N—C As aC eH a—NH 


O,N—C,H,—CH=-CH—C,H,—N(CH,), 
O »N—C As | aa N=N—C As | a—N ( CH 


(CH ) gN—C ail «CHO 
(CH,),N—C,H,—_CH=CHCHO 


(CH;) »=N—C,H «—-CH=CHCOCH 3 
(CH,) .N—C,H,—CH=CHCH=CHCOCH, 


(CH;) ,N—C,H a oe (CHs)2 


O,N—C,H,—OCH, 


O 2N—C,H «—CH=CH—C,H e—O CH 3 
O 2N—C eli ~—N=N—C aH <—O CH 3 


* All measurements made in solution 


Dipole 


moment 


The lower values of the 
dipole moments of, for ex- 
ample, nitrodurene and 
nitromesitylene in compari- 
son with that of nitrobenzene 
is regarded as being due to 
steric hindrance and this view 
is corroborated by Raman 
spectra data. It is considered 
that the methyl groups in 
the ortho positions cause the 
nitro group to leave the level 
of the benzene ring. This 
has the result that the reson- 
ance with the ring and with 
other groups in the para posi- 
tion is less probable. A 
similar argument may be 
applied to other derivatives. 
This explanation of the 


Table CI. Dipole Moments of Durene and Mesitylene Compounds with Corresponding Aliphatic and 


x CH,X C,H;X 


Br 1°45 
COCH, 2°72 
CHO 2°49 
COC] 2°40 
NO, | 3°17 
NH, | 1-32* 


3°96 


Aromatic Derwatives 


H,C 


* Measured in the gas phase, al] other measurements made in solution 


dipole moment data has Table CII. Dipole Moments of Di-substituted Durene Compounds 


yet to be substantiated 
by x-ray diffraction 
measurements. 
Derivatives of naphtha- 
lene and other polycyclic 
molecules— The dipole 
moment of the mono- 
substituted derivatives 
of naphthalene and te- 
tralin are given in Table 
CITI, and it is observed 
that there is an appreci- 
able difference in the 
values of the moments of 


and Corresponding Aromatic Derwatives 


DIPOLE MOMENTS 


the a and 8 derivatives. Table CIII. Dipole Moments of « and B Monosubstituted Derivatives 
The values for the a of Naphthalene and Tetralin * 


derivatives are close to 


| 


Dipole moment Dipol ft 
those of the correspond- | D Pacial si 
ing monosubstituted a je ane pUGeeule manag 

; | 
zen mpou but ~: — | 
benzene co pe nds -  Aitronaphthalene | "4-98 | 4°36 ' Iodonaphthalene 1-43 | 1°56 
the values of the B deri- Aaphthylamine go 177 Naphihol L143 | 1°53 

° : uoronaphthalene t-42 1°52 Naphthalene sulphonamide t +36 
vatives are always Chloronaphthalene | 1°51 165  MNitrotetralin | 08 | 281 
greater. This behaviour 4Sremonaphthalene | 1-52 1-70 | 


is also observed in other 
similar compounds. 
Thus the dipole moment of quinoline, J, is 2:19, D, a value which is close 
to that of pyridine, 2:25, D, whereas the 


a ~~ 
a? AA 
I Il 


moment of isoquinoline, //, is 2:55, D. Also the moment of 1-nitro-2- 
naphthylamine”™, IJ] is 4-47, D and that of 2-nitro-1-naphthylamine, JV, 
is 4-89, D 


* All measurements made in solution 


NO, NH, 
< NH, NO, 


II IV 


the moment of 4—nitro—-2-naphthylamine, V, is 4-62, D and that of 3-nitro- 
1—naphthylamine, VJ, is 5-14, D. 


NO, NH, 
oN 
Oh dre, 
V VI 


It might be considered that the moments of 4-nitro—1—naphthylamine, V/J, 
and of 5-nitro—1—naphthylamine, V///, would be equal. 


NH, NH, 
NO, NO, 
VII Vil 


This, however, is not the case, as the former has a moment of 6-67, D and the 
latter one of 5.22, D, which is close to the vectorial sum of the moments in 
m-nitraniline. It will be evident from the above examples, that the con- 
ditions of resonance in the various positions of the rings are not the same. 
In monosubstituted naphthalenes there are seven possible valence bond 
structures with a separation of charge in the case of the a derivatives and 
only six for the B derivatives, v1z 
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Xt Xt Xt 
| 
7 7 \\ Y 
Oo ¢ $6 
\/\4 40 VN 
Xt xt Xt Xt 
| | 
6 AA A ‘) 4 a 
Ar. VAY AN YY 
_ Xt "7 x+ Xt 
XY ~ 7 / 4W\0 
4 40 WV 
Xt Xt a xt 
4W\4\0 / + XY 
\A/ We a 4 JW\0 


This explains the difference between the a and § derivatives. 
In benzene derivatives, the centre of gravity of all charges on the carbon 
atoms of the ring lies on the extension of the line through X. 


In naphthalene, however, this is not so and irregularities in the values of 
the dipole moment must therefore occur??. 
In the molecule of phenanthraquinone : 
O O 
‘a7 
JoN 


OX > 


all the rings contribute to the resonance of the molecule, there being 
several structures of the type 


O 


rg 

Ve 
esos 
a ae 
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and pn, = 5:6 D. The moment of each CO group in this case 1s 3:23, D, a 
value which becomes still greater, 3:49,, in benzanthrone”? : 


O- 
a4 - 
WN/A\F 


| of 


\ 


where forty two valence bond structures contribute to the resonance of the 
molecule. 

Heterocyclic compounds— The polarity of heterocyclic compounds is due to 
the formation of ionic valence bond structures. Thus in furan, J, structures, 
similar to those in esters occur, JJ, as well as a structure with a trivalent, 
positive oxygen atom, J///, and the moment is 0-71, D. 


HC—CH HC—CH HC=CH 
0 N @  \ 
HC CH HC +CH HC-— CH 
Nn oO 
O \ O- ‘ Ot 
I II WI 
two structures Sour structures 


The dipole moment of coumarone, 


ee. 


is 0-79, D and of diphenyleneoxide, 


+=% 


0-88, D which is less than the values for simple ethers. If the oxygen atom 
can be positively charged not only with reference to a carbon atom but also 
with respect to some more electronegative substituent group, then additional 
valence bond structures occur. In the first column of Table CIV the values 
of the dipole moment of several such molecules are given. In the case of 
y dimethylpyrone?® the value is 4-62, D, whereas the vector sum of the 
moments due to the carbonyl group and of oxygen in the ring is only 
2°18, D. This considerable increase must be due to the contribution of the 


Structure : 
O- 
A 
we 
+ CH 
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In xanthone and coumarin the analogous structures : 


O- 
| 

cy a CX 

WA NO% \F WAS0%\ 
+ + OF 


contribute to the molecular resonance. Similar behaviour is noticed with 


Table CIV. Dipole Moments of Heterocyclic Compounds 


Molecule Dipole moment Molecule Dipole moment 
D D 
O | O 
| | 
4:62 | 5°4 
ee 
Ao k : 
H,C CH, 
O 
| 
3:82 
| | 
/~O™n SN “\ 4°01 
HC, C,H; |, ? 
CH; 
i 


OO | 


CH, 
I 
() oe 148 
AS \NA, 
H,C, C,H, OH 
@ 206 
\ NA, 
NH, 
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heterocyclic compounds containing sulphur and nitrogen (see Table CIV) 
and the contribution of structures containing trivalent, positively charged 
sulphur is found to be greater than in the case of the corresponding oxygen 
compounds. In N-methylketopiperidine and in N-methylacridone, the 
dipole moment differs from the vectorial sum of the group moments owing 
to the contribution of the structures : 


O- 
A2\4 ‘ , : 
VASA WA 
_ bu, 


respectively to the final state of the molecules. In a-oxypyridine, the 
nitrogen can be divalent and negatively charged and the oxygen trivalent 
and positively charged 


AN 
l WY 
O+ 


| 
H 


and in a-aminopyridine the structure 


l NA 
+NH, 


contributes to the resonance of the molecule. 

Dipole moment of free radicals— It has already been pointed out in Chapter 
5 that in the stabilization of free radicals containing oxygen and nitrogen 
atoms, the superposition of ionic states plays a significant part. This view 
is supported by the values of the dipole moments of a,a’—-diphenyl-— 
B-picrylhydrazine, I, p, = 4:92 D 


Ne , 
onan 


I 
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and of a,a’—dipheny]-$-picrylhydrazyl*, I, u, = 3°59 D. 


NO, 
Se ae 


N—N 


2. 


The large moment of the molecule J is due to the contribution of structures 
of the type J//: 


a, 
\ 
a 

N 


2 


The moment of the free radical JJ will also be raised significantly by the 
contribution of the structures JV and V: 


O,N a 
: Va 
(C,H,) ie \ ; 
O,N o 
IV 


— we 
(C,H) gN ee 
O,N al 
V 


In certain cases, the number of carbon atoms which may contain the 
unpaired electron may, through the resonance with ionic structures, be 
increased. If this is so the free radical will be stabilized and its formation facil- 
itated. Thus hexa-f-nitrophenylethane, (NO,C,H,),C—C(C,H,NO,), 
dissociates completely into the radical (NO,C,H,),C* under conditions in 
which hexaphenylethane only partially dissociates. In the first case the odd 
electron is not only shared between the ortho and para carbon atoms of the 
ring systems but also with the other carbon atoms, as for example, in the 


structure 
O 
ee 
Be 
O 
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Therefore the free electron is delocalized to a greater extent than in tri- 
phenylmethyl, and the radical is more stable. 


DIPOLE MOMENTS AND MOLECULAR STRUCTURE 


In a number of cases the magnitude of the dipole moment may be used 
to determine the geometrical configuration of the atoms in a molecule. 
Thus the first proof of the triangular structure of water arose from dipole 
moment measurements. Calculation may also be made of the valency 
angles from dipole moment data, but the values obtained are not as accurate 
as the more direct methods employing spectra, x-ray and electron diffraction 
measurements. However, for complex molecules when the application of 
more exact methods is not possible, the analysis of the dipole moment data 
may give valuable information. Thus the moment of thianthrene is 1-57, D, 


OS) 
ong 


If these molecules were flat they would have a zero dipole moment as is the 


case with oxanthrene, 
O 
O 


The existence of a permanent dipole moment shows that the sulphur and 
selenium bonds do not lie in the same plane and the molecules have a bent 
structure. 


Dipolar structure of amino acids—The dipole moment data support the 
dipolar, zwitterionic, structure of the amino acids, vzzz NtH,RCHCOO-. 
If the molecule at its iso-electric point possesses this structure, it will have a 
very large dipole moment of the order of 13-9 D since the distance between 
the charges is approximately 2:9 A. Unfortunately such compounds are 
only soluble in polar solvents and it 1s therefore impossible to measure the 
dipole moments directly. The dielec- 
tric constant of aqueous solutions of Table CV. Dielectric Properties of Amino Acids 
amino acids is, however, greater than 
that of water and furthermore in- 
creases in direct proportion to the 


of selanthrene, 1°41, D, 


Amino acid 


concentration. The value of 4e/4¢ poH(NH,)COOH (a) | 22-26 
i.e. the change of the dielectric constant RCH(NH,)CH,COOH (f) | 32-36 
as the concentration is increased by RCH(NH,)(CH,),COOH (y) | 51-55 
1 gm mol/] is found to have an approxi- 

mately constant value for each amino RCHINE GH COOH 4 ue 
acid. With an increase of the number RCH(NH,)(CH,),COOH (c¢) 87 


of carbon atoms between the polar 
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groups 4e/ 4c increases almost linearly. These data (Table CV ) are indirect 
corroboration of the large dipole moment of the amino acids. 

The dipole moments of the esters of amino acids measured in non-polar 
solutions are generally of the order of 2:1 D, evidently amino acids in the 
non-zwitterionic form, RNH,CH,COOH will also have a small moment. 
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BOND ENERGIES 


ADDITIVITY OF BOND ENERGIES IN ORGANIC COMPOUNDS 


THE BOND ENERGY of a diatomic molecule ts equivalent to the energy of 
dissociation of the molecule, which, as we have seen in Chapter 8, may be 
obtained in many cases from spectroscopic data. For polyatomic molecules, 
the bond energies cannot be obtained from spectroscopic measurements and 
therefore must be calculated from thermochemical data. Thermochemical 
Measurements are somewhat less accurate than spectroscopic measure- 
ments, but improvements in experimental technique develcped over 
several years, particularly by Rossint and KisTiAkowsk1, have reduced the 
error to the order of 1 in 5,000 kcals. This degree of accuracy has per- 
mitted the investigation of the energy changes accompanying several 
important reactions where small differences in energy are important, such 
as the heats of formation of isomers. 

As is well known, the heat of formation of an organic compound is 
equal to the sum of the heats of formation of the products of combustion, 
generally CO, and H,O, from which is subtracted the heat of combustion 
of the particular substance. Such heats of formation, however, are generally 
given in terms of a standard reference state of the participating substances 
which is generally taken as the physical state of the compounds at normal 
temperatures and pressures, ¢.g. gaseous carbon dioxide, liquid water, solid 
carbon, gaseous hydrogen, H,, and gaseous oxygen, O,. In the evaluation 
of bond energies, however, we shall be concerned with the heat of for- 
mation of the compound in the gaseous state from the constituent atoms, 
for example, from atomic carbon QC, atomic hydrogen H and atomic 
oxygen O. In order to obtain this value of the heat of formation, it is 
necessary to add to the heat of formation from the standard states, the 
necessary latent heats of sublimation and evaporation, and the heats of 
formation of H,, O, and solid carbon, C,, from the respective atoms. 
The heat of evaporation is known for a number of organic liquids ; when 
it is not known, however, Trouton’s rule may be used without very great 
error. Thus for the hydrocarbon C,H,,,,, the energy of formation E 
from gaseous atoms will be 


| RQ co, + (n+ 1)Q uo — Q+nS + (n + 1)Qu, Say) 
where Qo, and Quo are the heats of combustion of carbon and hydrogen 


in the standard state, Q is the heat of combustion of the hydrocarbon in the 
gaseous state, S is the heat of sublimation of diamond, and Qy, the disso- 


ciation energy of H,. All these quantities are accurately known from 
either spectroscopic or thermal measurements except the heat of subli- 
mation of solid carbon (diamond) to gaseous carbon atoms. The latter 
quantity may be determined either directly, or from the dissociation energy 
of CO determined spectroscopically. The values recorded in the literature 
vary from 170 to 80 kcals/gm mol, but the older values are clearly incorrect 
and on the basis of a critical survey of the data HERZBERG! gives the value 
as 124°1 + 0:5 kcals. This value has been employed in the following dis- 
cussion, although GAYDoN and PENNEy have suggested a different value?. 
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A very large number of organic compounds contain relatively few 
different types of bonds, e.g. C—H, C—C, C=C, C—Cl, and it has been 
suggested that each bond possesses an energy which is independent of the 
other bonds in the molecule and that the heat of formation of the gaseous 
molecule will be equal to the sum of the energies of the various bonds 
occurring in the molecule. Thus the energy of formation of methane is 
equal to the energy of four C—H bonds ; of ethane to the sum of the bond 
energies of one C—C bond and six C—H bonds. In general, for the 
molecule C,H,,4,. we may write 

E = (n — lDEgpc + (22 + Q)Eg yg eae GlIs2) 
where E,p_, and Eo_g represent respectively the bond energies of the 
C—C and C—H bonds. The bond energy is often dependent on the 
actual reaction occurring and in particular on the nature of the molecular 
fragments formed. For example the average energy of the C—H bond 
in methane is one quarter of the energy of formation of methane and 
equals 348-6/4 = 87:15 kcals, whereas the reaction CH, = CH; +H 
requires 102 + 1kcals and the reaction C,H, = C,H; +H requires 
98 +2kcals. In a similar manner the energy required to dissociate 
C,H, into two CH, radicals is 82-6 kcals and for the dissociation of C,Hj5 
into two C,H, radicals, 77-6 kcals, neither energy value being the same as 
the average energy of the C—C bond. Nevertheless, when additivity is 
confirmed by experiment, it is frequently possible to speak of the energies 
of separate bonds. 

If the concept of the additivity of bond energies be assumed, the difference 
in the heats of formation of two adjacent members of a homologous series 
must be constant. From equations 11.1 and 11.2 it follows that 


(n —1) Eo ot (20 +2) Eon =2Q 00, + (2+1)Qu,0— Q+nS+ (n+1)Qa, 
skeal TS) 


Thus in one gram atom of diamond, there are 2,V carbon to carbon bonds so 
that the heat ofsublimation 1s twice the bond energy per gm mol, i.e. S=2£o¢_c. 
In diamond each carbon atom is bonded covalently to four other carbon 
atoms arranged tetrahedrally and since each bond is common to two carbon 
atoms, there are twice as many bonds as atoms. Substituting this value for 
S in equation 11.3 and rearranging, we obtain 


eo Or Ome Bat Oph cacdliid) 
n 

Thus for a series of saturated hydrocarbons the quantity (Q + Qoo,)/(n + 1) 
should have a constant value, irrespective of the value of n. The experi- 
mental data, however, given in Table CVI show that for the n-saturated 
hydrocarbons, the additivity of bond energies is not fulfilled for the first 
four members of the series but is applicable to all higher members. We 
may therefore use the data for the molecules from C,H, to C,.Hog for the 
calculation of the energies of the C—C and C—H bonds and we obtain, 
using the method of least squares 


| — 62-77 kcals 
Besa = 85-56 kcals 


These values have been used for calculating the heats of formation of 
hydrocarbons in Table CVJ (column 5). 
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Table CVI. Heats of Fermation of n-Saturated Hydrocarbons In order to calculate 

by a similar method the 

Heat of energy of the C=C bond 

Hydro- Q | Q;* E formation | 2+ Qe We may use either the 

carbon keals | keals oe n+ data oF Rossini on: the 
gies kcals ; 

| ; heats of combustion of 

CH, 18:4 | 348-6 342°3 1536 the hydrocarbons or the 

C,H, Q1°2 579 576-1 155°8 values of the heats of 

C,H, ‘6 | 26:2 | 811-6 810-0 156-3. hydrogenation obtained 

CoHio 31-8 | 1044-8) 1.0432 | 1505 by Kistiakowski. The 

C,H,; 37°2 1,277°3 1,277:8 156°6 data show, as in the 

C.Hy, 6 7) 1,511-9 1,510°7 156-6 saturated hydrocarbons, 

CH 0 | 11,7458} 1,745°6 1566 that for the straight 

Cis 4 [1979'S | 1,979°5 1566 chain ethylenic hydro- 

C,H 15 | 2,213°5 2,213°4 is66 carbons with the double 

Croltss 2447°1 2,447°2 3e8 bond in the 1-2 position 

: 2,001- 2,001-1 150: tiv 1 

oon aoe cee : 4 the additivity concept is 


not fulfilled in the first 
i three members of the 

® is the heat of formation of the substance from the ele ts : : 
ey in their standard states " er SCri€s, but 1S first ob- 


served in 1-—pentene. 
The energy of the C=C bond is found to be ro1-16 kcals. Similar cal- 


culations for the n-alcohols (Table CVII) give the sum of the bond energies 
in the group C—O—H as 185 kcals. The heat of formation of H,O 3s 
220 kcals, which gives the bond energy of O—H as 110 kcals. Combination 
of these data gives the energy value of 75 kcals for the single bond between 
carbon and oxygen (C—O). 

These examples show that in a number of cases the bond energy 1s 
found to be an additive quantity, but the extension of these calculations to 
other series of molecules is unfortunately not possible owing to the lack of 
accurate data. Bond energies of other groups must therefore be obtained 
by employing approximate data and the values may have to undergo 
alteration as more accurate data become available. The values calculated 
from the available data are given in Table CVIII, the energy of the bond 
C=C is obtained from the heat of formation of acetylene, with the 


assumption that Eo_g = 85°56 kcals. The homologues of acetylene show a 
higher value for the 


energy of the triple aE | ee Te 
bond, and this will bedis- eats of Formation of the n-Alcoho 


cussed later. In allene, 


where there 1s a con- E Difference between 
jugated series of double keals keals adjacent members 
Jus of series 


bonds, the energy of the 


C=C bond islow. The 48-60 | 437°50 


236-25 
value of the bond energy 37°23 673°75 Bt its 
of the carbonyl] group in 3°04] 910°74 230°73 

69°77 | 1,141°47 48 
aldehydes has been ob- 75°75, | 1,374°95 233'40 
tained from heat of 81:73 | 1,608-63 ages 
hydrogenation of acet- & 87°56 184205 233-44 
aldehyde, 554°4 kcals. sae Beeb ga 233°43 
In the carboxyl] group, 105-05 | 2,542°35 233°43 


owing to the molecular 
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Table CVIII. Bond Energies in Organic Molecules 


| 
Bond Energy | Bond Energy 
keals keals 
a ee as 
C—H 85°56 C—F 104* 
Cc—C 62-77 C—Cl 69 
C=C 101-16 C—Br 57 
C=C (acetylene) 128-15 C—I 43 
O—H 110 N—H (NH; ) 83 
C—O (alcohols) 75 N—C 53°5 
C—O (ethers) 75 C=N (HCN) 146 
C=O (ketones) 155-157 C=N (nitriles) 149 
C=O (CH,O) 144 N=C (tsonttriles) | 139 
C=O (aldehydes) 149°5 C=N 84* 
, O 
co (HCOOH) 348 N=N 80* 
Nou N—N 2743 
O 
JO N-—-O 61° 
C (acids) 360* anit) a 
OH 
O O 
O VA 
C ( formates) 313 ae 169 < E < 186 
OC | O- 
O | C=S (CS,) | 107°5 
| 
O | 
me (esters) 327 | C—S 54 
Oc | S—H 82 


* approximate values 


resonance, it is not possible to assign separate energy values to the C=O, C—O 
and O—H bonds and in Table CVIII the heats of formation of the groups 


O O 
Cc in acids, and C 


\ 
O—H O—C 
in esters are given. It will be noticed that for formic acid and the esters 
of formic acid, lower values of the energy are obtained compared with the 
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higher homologues; this is most probably due to the fact that resonance 
with a structure having a positively charged hydrogen atom, viz 


O- 


“HC 
\ 
O—H 


is improbable since it involves a divalent carbon atom. In the higher 
members, the corresponding structure 


H+ O- 
/ 
H,C—C=C 
ho NOCH 


may partake in the resonance of the molecule. 

The energy of the C—Cl bond has been obtained from the heat of 
chlorination of ethylene, 43°65 kcals ; the heats of bromination of several 
ethylenic hydrccarbons have been determined, which permits the evalu- 
ation of a more accurate value for Ec_,s, than for Ey_q. The value 
obtained is 57 kcals which is slightly greater than that obtained from the 
values of the heat of bromination of methane and ethane, 53 kcals. The 
C—I bond energy has been obtained from the heats of combustion of 
alkyl iodides and it is very probable that the value obtained is somewhat 
low. The energy of the single bond between two nitrogen atoms, Ey-y, 
has been obtained from the heat of dissociation of hydrazine and will be 
discussed later. The energy of the N—O and N=O bond may not be 
obtained so directly, but may be calculated from a knowledge of the energies 
of the following groups : C—O—NO, (312 kcals), C—O—N=O (244 kcals), 
C—NO, (240 kcals), N—NO, (231 kcals), C—N=O (162 kcals), N—N=O 
(148 kcals) and C=N—OH (255 kcals). 

An examination of the values of the energies of different bonds shows 
that the bond energy is increased if the bond possesses some ionic character. 
Homopolar double bonds, in general, have a value of the order of 100 kcals : 
C=C, 101°16 kcals s N=N, 80 kcals ; C=N, 84 kcals ; but in the strongly 
polar carbonyl group the value of the bond energy is much higher, being 
of the order of 150 kcals. This increase in strength with increase in ionic 
character is reflected in the internuclear distance which is, for C=C, 1-34 A 
and for C=O, 1-20 A. This behaviour is also shown by the corresponding 
single bonds, Ey. being 62°77 kcals and Ey. 75kcals and the bond 
lengths respectively 1:54 A and 1°47 A. 

According to the Heitler-London theory of valency, the energy of a 
molecule consists of the exchange energy A and the Coulomb energy C 
(see Chapter 3). The exchange energy of a localized bond will include 
both the attraction and the repulsion energies, and the Coulomb energy 
will represent the energy of interaction of all the charges in the molecule. 
In addition, it is necessary to take into account the energy of excitation V 
required to transfer a carbon atom in its ground state, 15°25°2p7, to the 
excited state, 152252p3, where it may form four identical sp? hybrid bonds. 
The total energy of formation of a bond will thus be 


E=—V+2C+4+ 2A —3 2A’ ood (LIS) 
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H where &A represents the exchange energy of all 

5 electron pairs forming bonds, and 2A’ represents 
the exchange energy for all other pairs of non- 
localized electrons. 

: Palys ‘ In methane there are eight valency electrons, 
H H four from carbon (Figure 38; 1, 2,3 and 4) and 
one from each hydrogen atom (5, 6,7 and 8). The 
exchange of electrons 1-5, 2-6, 3-7 and 4-8 gives 


7 rise to the four C—H bonds with a total exchange 
H energy of 44Acqy. In addition to the above ex- 
Fi 8. Methane electron Change process, each electron of the carbon atom 
one baits pone a may be exchanged with one of the other hydrogen 
electrons and there are twelve such interchanges : 
1-6, 1-7, 1-8 
2-5, 2-7, 2-8 
3-5, 3-6, 3-8 
4-5, 4-6, 4-7 


with a total exchange energy of ~= A'cy. Finally there will be the 


interaction energies of the four electrons of the hydrogen atoms : 

5-6, 5-7, 5-8 

6-7, 6-8, 7-8 
and we will designate the energy of each such interaction by R. Thus for 
the energy of formation of methane we have 


Ea, = — V+ 2C + 4Acy — 6A'ca — 6R .... (11.6) 
Similarly we may write 
Fou. = 2V + XC + 6A cx + Ace im 9A’ on ae TRA co — 6R 
....({II.7) 
Eon, = 3V + aC + 8A cH + 2A ce = 112A’ on = 15A’ oe = 7R 


..-- (11.8) 
where Ace is the exchange energy of electrons forming the C—C bond 


and A’co is the exchange energy of the non-localized electrons of the 
different carbon atoms. 


In general we may write 
—nV + XC + (2n + 2)Aca + (n — 1L)Age — (32 + 3) Ace 


— 7} (n — 1)A'_gp — (n + 4)R seas PTG) 
As will be evident from equation 11.9 the quantum mechanical treatment 
has led to the appearance of a number of additional terms in the expression 
for the energy of formation compared with the simple additive treatment 
(equation 11.2). The bond energy terms, ¢.g. Epc, Ec-n, are in fact 
complex functions, including in addition to the exchange and Coulomb 
energies of a bond, the excitation energy of the valency state of carbon 
and the repulsion energy of the non-bonding electrons. 
The quantum mechanical treatment gives a constant value for the 
difference in energy of two adjacent hydrocarbons commencing with 
ethane, viz 


E = 
CHonte 


= —V+2A ca t+Ago—3A'ca— ThA op —-R + ALC 
». (11.10) 


—E, 
OF onte o- von 
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Thus the quantum mechanical treatment is not in agreement with the 
experimental values. 


DEVIATIONS FROM THE ADDITIVITY RULE 


Isomerie effect-— The additivity rule for bond energies applies only to 
compounds in a homologous series and small changes in structure cause 
deviations in the heats of formation. If the additivity rule were correct, 
saturated hydrocarbons possessing the same number of carbon and hydrogen 
atoms would have identical heats of formation. This, however, is not 
correct as is shown in Table CLX, where the experimental data indicate that 
the heat of formation 
of a branched chain Table CIX. Heat of Formation of Isomeric Hydrocarbons 


hydrocarbon is always 


Heat of Heat of 
greater than that of the shearer with formation of Gon spending oy Sexes gy hte 
Fane. Chain tsomert¢c norma of notma a 
normal hydrocarbon. hydrocarbon | hydrocarbon | hydrocarbon 
This effect is not only _ keals keals 
shown by the hydro- Isobutane 1,046°4 Butane 1,044°8 | 1-6 
carbons, but also by spopentane er 
:279°74 , 194 
other classes of com- Tetramethlmethane 1,282°7 } Pentane H2778 | gg 
pounds: alcohols, Methylhexane (2~ and 3-) 1,747°4 1-6 
37 pentane 1,749°3 O°5 
esters, ketones, ele. 2, 2-Dimethylpertane 1,746-6 Heptane 1,745°8 1:8 
The difference in the 2: 3-Dimethylpentans 1,747°4 : 16 
‘ 3, 3-Dimethyltentane 1,748°2 2°4 
heat of formation of 2° 4-Dimethylpentane 1,747°6 1-8 
two isomers is relatively . . .-7; 
, 2, 4-1 rimethylpentane 1,982°6 } . 3°53 
small (about 1to5 kcals, Hexamethylethane 1,984°6 Octane 1,979°5 5°1 
see Table CIX) and since 2-Methyinonane 244865 [\ decane aagr2 | a5 


the heats of formation 5~*Avinonane | 2448-25 


aregenerally determined 
at 298° K, the question arises as to whether the difference is due to some 
contribution to the heat of formation, dependent on the symmetry of the 
molecule and on the nature of the vibrations. Prrser*, however, has shown 
that the transfer from the normal to the branched chain hydrocarbon at 
o° K does incur the absorption of energy (Table CX). 

If we consider this 


Tah GE Change of Heat Content on Tsomenie Transformation problem from the point 


AH oH of view of the repulsions 
atcaetion at 0° K at 298’ K existing between 
keals keals 


neighbouring hydrogen 


n—Butane —> Isobutane —1r2a7to02l — 16 + 0°20 
n-pentane —> Tetramethylmethane — 4:02 + 0°32 — 49 + 03 each CH, group there 


are three such repul- 
sions, but for a CH, group only one. Thus in the quantum mechanical 
equation for the heat of formation of butane, there will be eight repulsion 
terms and for isobutane, nine such terms. This treatment, therefore, leads 
to the prediction that the heat of formation of the branched chain hydro- 
carbons is less than that of the normal hydrocarbons, a conclusion which 
is the reverse of that obtained from the experimental data. Furthermore, 
the heat of formation of the molecule is greater, the greater the number 
of interactions between hydrogen atoms, H.....H. Thus in pentane there 
are nine, in isopentane ten, and in tetramethylmethane, twelve such 
interactions ; whereas the heat of formation of isopentane is greater than 
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that of pentane by 1-9 kcals and that of tetramethylmethane by 4:9 kcals. 


Similarly, in n-octane there are twelve H..... H interactions and in 
hexamethylethane there are eighteen and the heat of formation is increased 
by 5:1 kcals. 


It may be that it is necessary in compounds containing tetravalent 
carbon atoms, to take into account the resonance with valence bond 
structures in which carbon is in the divalent, t.e. s2p? state. If this be so, 
then for methane it is necessary to consider the resonance between the 


OrmMs ; H H H H 
SH “. 3 
C and C 
jes Ao: 
H H H H 
one structure Six Structures 


Such resonance will bring about a gain of energy, and the greater the 
branching, the greater is the number of such structures. 
The heat of formation of the ethylenic hydrocarbons is dependent 


Toble CXI. Heats of Formation of Etivlene Hydrocarbons POG te bond and the 


| ; « 
Eearat \ -Nuabensk \Numbevar degree of branching. A 
formation | H:::-H | ionic Comparison of the data 

keals | interactions | structures for butylene and_iso- 


| 
| —— ——-——~,———— _ butylene shows that the 
| gig : 5 


Molecule 


o— — - —a ee ee 


CH 3== CHCH »CH, i 


$ latter compound has a 
CH, heat of formation 
/ | greater by 3°5 kcals than 
CH,=C Q15°4 7 6 that of the former 
(Table CXI). This 
CH, | oe ae 
difference is possibly in 
cis 913°6 part due to the isomeric 
CH,CH=CHCH, 6 6 effect, but there will 
trans g14°6 also be a greater 
CH,=—CHCH,CH,CH, 1,145°1 6 2 resonance energy owing 
to the contribution of 
yee ionic structures which 
CH,=CHCH ee : is suggested by the di- 
pole moment data. In 
CHy isobutylene (u = 0-49 D) 
there are six structures 
CH,CH=CHCH,CH, 1,147°2 7 5 of the type, 
CH, +H CH, 
CH CH=c” 1,150°4 g 9 x 
: C—-CH, 
CH, / 
H,C 


whereas in butylene (j = 0-30 D) therc are only two analogous structures, 
viz Ht 
CH,—CH=CH——CH, 
The data for other ethylenic hydrocarbons is given in Table CX. 
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The energy of the acetylenic bond, C=C, in acetylene is 128-6 kcals; in 
methylacetylene the value is 132-2 kcalsand in dimethylacetylene, 135-5 kcals. 
Thus the energy of the C=C bond is found to increase as the homologous 
series is ascended, although it is possible that, as in other cases, the value 
may become constant after the fourth or fifth member ; the necessary 
experimental data, however, 1s not available. The increase of the bond 
energy is most probably associated with the increased contribution of ionic 
structures to the resonance of the molecule. Thus in methylacetylene 
there are three structures of the type 


+HCH,=C=-CH 


and in dimethylacetylene six similar valence bond structures. It should, 
however, again be emphasized that in calculating the energy of the C=C 
bond, the energy of the C—H bond has been assumed to be that in methane, 
an assumption which is not necessarily valid. 

Resonance energy— Where the deviations from the additivity rule are such 
that the actual energy of formation is greater than the calculated value, 
it is found possible to describe the molecule by more than one valence 
bond structure. Thus it is found that every resonating molecule is more 
stable than it would be if it had the valence bond structure assumed for 
it in calculating the bond energy. The difference between the calculated 
and observed values has been termed the resonance energy by PAutine‘. 
This quantity we shall denote by the symbol £,. 

In butadiene resonance occurs between the ordinary structure 
CH,—=CH—CH=CH, and other structures involving only one double 
bond, w#z—CH,—CH=CH—CH,— and also, but to a lesser extent, 
+CH,—-CH=CH—~—CH,. The sum of the energies of the bonds in the 
ordinary structure is 778-4 kcals and the experimental heat of formation 
is 782-3 kcals ; the difference, which is the resonance energy Ex, is 4:1 kcals. 
For 1-methylbutadiene CH,=—CH—CH=CHCH,, £, = 6:16 kcals, for 
2, 3-dimethylbutadiene ey ae FE, = 4:0 kcals and for isoprene 

CH, CH, 
CH, 


CH,—C—CH=CH,, FE, = 8-3 kcals. Ifthe resonance of the molecule is 
prevented, the additivity rule is found to apply, as in 
CH,=CH—CH,—CH+=CH, 
or in 
CH,=CH—CH,—CH,—_CH=CH, 
A comparison of the 


resonance energies . of Table CXII. Energies of Structures having Different Multiple Bonds 
structures involving 


triple and double bonds i 


may be made by con- Win “CO bad! shee \CC bas 
sid ering diacetylene Molecule in first in first in second in second | Difference 
. 2 structure structure structure structure 
vinylacetylene and keals keals 
resonance Structures Vinvlacetylee| = — = | 292 SS pee 285 27 
Butadiene = - = 265 - = = 226 39 


are as follows: 


2 
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HC=C—C=CH HC=C=C=CH 
HC=C—CH=CH, HC —C=CH—CH, 
H,C=CH—CH=CH, H,C—CH=CH—CH, 

Ps . setae 


In Table CXII the differences in energy between the two valence bond 
structures J and JI for the three compounds are given and it is seen that 
the energy difference increases in the order diacetylene, vinylacetylene, 
butadiene, and it is therefore to be expected that the contribution of the 
second structure JJ will decrease in that order, t.e. the contribution of 
structure JJ to the resonance of acetylene will be greater than in the case 
of butadiene. That this is so is shown by the values for the polarizability. 
The ease of polarization of the molecule, as shown in Chapter 10, is 
dependent on the contribution of the valence bond structures with non- 
saturated carbon atoms and in the hydrocarbons considered here, the 
polarization increases in the order butadiene, vinylacetylene, diacetylene. 


Table CXIII. Resonance Energies of Aromatic Hydrocarbons 


Molecule Resonance energy Molecule Resonance energy 

kcals kcals 

Benzene Diphenyl 6-8 
Naphthalene Triphenyimethane 9°8 
Anthracene Diphenylmethane 3°9 
Phenanthrene Toluene 39 
Chrysene o-Xylene 3°6 
Stilbene 10°2 

Ethylbenzene 4°1 

Styrene 3°8 

Diphenylacetylene 5'7 


< 
The resonance energies of some aromatic hydrocarbons are given in 


Table CXIII. Further insight into the resonance of benzene may be 
obtained from a study of the three successive stages of the hydrogenation 


reaction. We have 


C,H, + H, = C,H, 4H= 5:57 kcals 


The first stage is endothermic owing to the high resonance energy of 
benzene. The value of the heat content for the second stage is less than 
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that of the third, since in 1, 2-dihydrobenzene, resonance with the structure 


can occur, and the difference between the heat contents for these two 
stages will be the resonance energy of 1,2-dihydrobenzene (LE, = 28-59 
— 26-78 = 1-81 kcals). If EL, is the total resonance energy of benzene, 
the resonance energy neutralized in the first stage of hydrogenation will 
be E, — 1°81, and if the change of heat content for a normal stage in 
the hydrogenation is taken as — 28-59 kcals we have that 
28-59 — (FE, — 1-81) = — 5-57 kcals 

and hence E, = 35°97 kcals, a value which is in satisfactory agreement 
with that obtained from the heat of formation of benzene, 34 kcals. 

The high resonance energy of benzene frequently determines the course 
of a reaction, when compared with a similar reaction involving a molecule 


possessing no resonance energy. For example, cyclohexene may be 
catalytically transformed to cyclohexane and benzene$, 
3C,H,) = C,H, + 2C,H,, 4H = — 35-97 kcals 

This reaction is thermodynamically favourable since the resonance energy 
of benzene is gained in the reaction. Similarly, the catalytic dehydro- 
genation of cyclohexane into benzene at 300° K has 
been shown by Tay_Lor® to occur owing to the gain Table CXIV. Resonance Energies 
of the resonance energy, whereas the dehydro- _ %& Meterocyclic Compounds 
genation of cyclopentane and cycloheptane are 
thermodynamically unfavourable. Molecule 

In pyridine and its analogues, in contrast to 


Reson ance energy 
keals 


benzene, ionic structures of the type Pyriduse 42-2 
Quinoline 67:9 
\ a.-Picoline 49'5 

\-N } n B-Prcoline 


contribute to the reso- 
nance of the molecule in 
addition to the Kekulé 


Table CXV. Additional Resonance Energies of Benzene Derivatives 


Resonance Resonance type structures. This 
Molecule ete MONCUE ‘Tea, has the effect of increas- 
i Si ee _-__. |__-______ 1ng the resonance energy 
C,H,Cl 2-6 (C,H,)5N 5°4 of pyridine compared 
ee ies 6-3 with benzene (see Table 
a elas CXIV). 
Va 

C,H, ortho 6-9 C,H,OH 4:2 The resonance of the 
\ substituted derivatives 
COOH C,H,OC.H, 52 of benzene are of par- 
ticular interest since 

CO C,H,.NO 2° ae 
yor*® ee a (2'9) additional resonance 
C,H, O 195 +5|| C,H,;COCH, | (—3) occurs, apart from the 
resonance of the 
~— GH CHO "9 benzenering. In 
NH,C,H,C,H.NH, | 123 C,H,CN 3°9 Table CXV the values 


of the additional 
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resonance energy, excluding that of the benzene ring, are given for various 
benzene derivatives. The presence of two substituent groups, if located in 
the ortho or para position will create additional resonance structures. For 
example, in f-nitraniline the following valence bond structure is possible : 


and its contribution to the molecule resonance has been confirmed by 
dipole moment measurements. We should, therefore, expect deviations to 
arise in the values of the bond energies. Unfortunately, however, there 
have been few thermochemical measurements with compounds of this type 
and such data as exist are inaccurate. An alternative method based on 
the heats of neutralization of amines has therefore been employed for the 
determination of the resonance energies of these compounds. The heats 
of neutralization of methylamine, ethylamine and ammonia are respectively 
13 kcals, 13-2 kcals, and 12-3 kcals, the reaction being 


RNHg aq + HyO* ag = R*NHg ag 


In aniline owing to the contribution to the resonance of the molecule of 
the structure 


H H 
a 
the nitrogen atom may be regarded as being already partly in the tetravalent 
state and positively charged, i.e. the amino group is already ‘ partially 
neutralized’. On neutralization with an acid, therefore, less heat will be given 
out. Alternatively we may say that a certain amount of energy has been used 
in overcoming the resonance of the molecule and that therefore the heat 
of neutralization is 13 — Ey. This method of calculating Eg is open to 
criticism as it does not take into account the heats of hydration of the 
molecules and ions. The heats of neutralization are given in Table CXVI 
and the value obtained by this method for the additional resonance energy 
of aniline, v1z 13 — 7:4 = 5:6 kcals, is in reasonable agreement with the 
value calculated from the heat of combustion. The heats of neutralization 
of p-aminoazobenzene and of o- and p-nitraniline are considerably lower 
than the normal value owing to the high resonance energy of these molecules. 
In p-aminophenol, which is not a zwitterion, the reverse effect is observed 
and the heat of neutralization is raised by comparison with aniline. This 
result is most probably caused by the suppression of the resonance of the 


amino group with the benzene ring by the presence of the hydroxyl group. 
The oxygen atom may exist in the positive trivalent state, as in the structure 


HO NH, 
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and the resonance of Table CXVI. Heats of Neutralization of Aromatic Amines 
the amino group with —W—____], 


the benzere ring will | Heat of Heat of 
thus be lowered and Molecule | neutralization Molecule neutralization 
hence the contribution | keals keals 
of the = +tNH, state to Aniline... p-Nitraniline 1-81 
o—Nitraniline 1°81 


; _ B-Naphthylamine o—Aminophenol 8-48 
amino group reduced b--Toluidine | i 


7° 
the resonance of the a-Naphthylamine 6- 
5 

The value of the heat of P-47ineazobenzene I: 


USES 


neutralization of p-tolu-_ <r? 
idine, CH,C,H,NHz,, is very near that for aniline, being 7-6 kcals; evidently 
the CH, group has a negligible influence on the resonance of the molecule. 

The heat of formation of carbon dioxide is 336-9 kcals and since the 
energy of two C=O bonds is 310 kcals it follows that Ez = 26-9 kcals, the 
resonance being between the two structures O=C=O and O-—C=Or. 
By similar calculations using the energies of the C=O, C—O and O—H 
bonds, we find that for the group COOH, £, = 20 kcals and for the group 
COOC, E, = 22kcals. A greater deviation from the additivity rule 
occurs in acetic anhydride 


where, owing to the presence of two C—O bonds, Fy = 28kcals. In 
carbonic acid and its derivatives resonance occurs among the three 
structures : 


O- O- 


é ; , 


C 
yoo SN 0 ™ 
R—O O—R R—O O+—R- R—O? O—R 


the resonance being somewhat inhibited in the esters, but not in the ion. 
For the esters the resonance energy is 27 kcals. 

When the resonance is between purely homopolar valence bond struc- 
tures, the resonance energy is less than when ionic structures are involved. 
This general rule may be illustrated by considering the resonance structures 
of furan and cyclopentadiene. In furan, J, the resonance involves 


HC—CH HC = CH HC=CH 
0 ‘. ee eS 
HC H HC- CH HC tee CH 
ee a \ 4 SA 
O O+ O 
I I Ill 


the ionic structure JJ, as well as the cross linked structure J//J. From the 
heat of formation we find that Ey = 14:4 kcals. It is very probable that 
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this resonance energy is largely due to the resonance between states J and 
II since cross linked structures do not generally make large contributions 
to the resonance of the molecule. This reasoning is substantiated by the 
fact that the energy of hydrogenation of furan is 36-63 kcals and of cyclo- 
pentadiene 50°56 kcals. Since any resonance that occurs in the cyelo- 
pentadiene molecule can only involve the structures JV and V, the difference 
between these values, vz 13:93 kcals, represents the resonance energy 


HC—CH HC=CH 
~  \ Zs 
HC CH 3 (Gneeee CH 
Le a ‘eZ 
C C 
H H 
IV V 


of the normal / and ionic JJ states of furan. This behaviour is even more 
marked in pyrrole, where Ep = 25 kcals. 

In diacetyl the two neighbouring C=O groups mutually hinder their 
bond resonance sincé the ionic structure 


CH,—Ct+t—-C+—-CH,, 
O- O- 
is improbable owing to the positive charge on each of the adjacent carbon 
atoms. The bead resonance in both carbony! groups will thus be reduced 
and in agreement with this view, the bond energy of the carbonyl groups 
in diacetyl is found to be 147-30 kcals, a value which is significantly lower 
than that in normal ketones : 155 to 157 kcals. 

In the bond between a carbon and a halogen atom, considerable resonance 
occurs between the homopolar, C—Hal and ionic, CtHal- states, as 
indicated by the dipole moment data. This may also be shown by a com- 
parison of the experimental bond energies with the values calculated by a 
formula suggested by Pauling‘, for the homopolar bond between carbon 
and halogen. A normal covalent bond AB will be similar in character 
to the homopolar bonds A—A and B—B, and it is to be anticipated that 
the energy of the bond AB will lie between the values for the bonds A—A 
and B—B. Pauling therefore assumes that the energy of a purely covalent 
bond between tne unlike atoms A and B is given by the arithmetic mean of 
the energies of the bonds A—A and B—B. There is no particular reason why 
the arithmetic mean has been chosen and in certain cases better results 
are obtained using the geometric mean. In general, however, the diver- 
gence between the values of the two means is small and for convenience 


the arithmetic mean is generally used (see Chapter 6 for a full account of 
this method). Thus 


(Ess) covalent — 4 (E —A ay E _s) 
Using this formula we find that the energy of the covalent C—F, C—Cl 
and C—Br bonds are 63, 60, and 54 kcals respectively compared with the 
experimental values of respectively 104, 70 and 57 kcals. The difference 
between the experimental and calculated values are: C—F, 41 kcals ; 
C—Cl, 1o kcals ; C—Br, 3 kcals, an order which is in agreement with the 
decrease in polarity of the bonds. The experimental value for the energy 
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Table CXVII, Resonance Energies of Nitrogen Compounds* 


Resonance . Resonance 
Molecule energy | Molecule energy 
keals ! keals 
RCONH, 11°4 N Pe 
CO(NH,), 23°0 CH—NH 
° / 
C,H sCONH, I 73 CO—NH bo 
(C,H,;CO) NH 21°7 | Nh, 
(Allantoin) 
CH,CO 
/ ve aoe NH—CO 
C,H,CO | | 
CH C% 
(C,H,CO) NH 245 || td go 
(C,H,CO),N 48-2 | \N 
co | _ (Hypoxanthine) 
es | 
C,H, NH 198 
CO ! 
| oe 
NH 
C,H,NHCOH 12-5 co ce - 
(C,H,NH),CO | 328 | eeu 
ric 
C,H sCONHC,H, 23°2 | 
NH—CO | NH—CO 
a | [NH 
ag ro go2 | =r : . 
H 
NH—CO N oN WA 
(Alloxan) ; 
(Guanine) 


* The values have a possible error of + 5 kcals since only approximate values are known for the heats of 
sublimation. 


from the heat of formation of dicyanogen, C,N,, is 142 kcals which is 
4 kcals less than the value for hydrogen cyanide. This is most probably 
due to a suppression of the bond resonance, since the structure 
N-=C+t=Ct=N7- is energetically unfavourable owing to the positive 
charges on the adjacent carbon atoms. 

The resonance energy of thiourea is 8-9+ 5 kcals, considerably lower than 
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that of urea. Evidently oxygen participates more readily in the resonance 
of the molecule and the structure J makes a greater contribution to the 
resonance of urea than structure JJ to the resonance of thiourea. 


+*NH, +*NH, 
Yi Va 
O-—C Ss-—C 
‘x \ 
NH, NH, 
I | 


In methylisothiocyanate, CH,NCS, the resonance energy (15:3 kcals) 1s 
produced by the contribution of the ionic structures : 


CH,—N+=C_S-, CH,—N-—C=S+ 


to the resonance of the molecule. In methylthiocyanate the only possible 
ionic structure is 

CH,—S*t=C=N- 
since the structure involving a positively charged nitrogen atom is im- 
possible ; the resonance energy should therefore be lower in comparison 
to CH,NCS. 

Distortion of rings— In the cyclic hydrocarbons, the heat of formation is 
lowered considerably in comparison with the calculated value on account 
of the distortion of the valency angles. The extent of the distortion 
decreases in the order cyclopropane (C—-C—C, angle 60°), cyclobutane 
(C—C—G, angle 90°), cyclopentane (C—C—C, angle 108°). In cyelo- 
hexane and cycloheptane the structures are formed without distortion of 
the tetrahedral angle. The effect of the distortion of the ring on the heat 
of formation is shown in Table CXVIII. The effect makes itself apparent 
in other physical properties such as molecular 
spectra and refractivity and also is the cause 
of the chemical instability. This effect has 
been frequently referred to as ring strain. 


Table CXVII. Lowering of Heats of 
Combustion on Distortion of Bond Angles 


This is an unfortunate term as the energy Nie Megas 
difference is entirely due to the fact that in energy 
these structures, the bonding orbitals do not keais 


overlap to the maximum extent, except when 

the line joining the two nuclei forming the A ata 

bond happens to lie along the axis of both Cyclopentane 

bonding orbitals. In carbon in the sp state Cyclohexane 

the angle between these axes is the tetrahedral 

angle. Cycloheptane 

' cts-Dekalin 

Keto-enol tautomerism— The change from trans-Dekalin 

the keto to the enol form of a molecule 

generally involves the transfer of a proton 

from a carbon atom to an oxygen or nitrogen atom and the energy changes 

incurred in such a process may be studied from the point of view of bond 

energies. In acetone, for example, there exists an equilibrium between the 

keto form 


CH,—C—CH, 
| 
O 
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and the enol form 


OH 
In the keto form the bond system 


C—C—H 


. 
occurs with a total energy of 303:4 kcals whereas in the enol form, the bond 
system becomes 
C=C 


6-H 
which has a total bond energy of 286-2 kcals. Thus the keto form is more 
stable by 17-2 kcals than the enol form, a value which is sufficiently large 
to cause the equilibrium mixture to consist almost entirely of the keto form. 
The equilibrium may favour the enol form if additional factors are present 
which bring about a gain in energy. Thus phenol is normally regarded as 
being in the enolic form, but may exist in the keto form : 


H H 
/ O 


x 
Vy, 
This structure, however, is much less probable from energy considerations, 
since although 17-2 kcals have been gained on account of the redistribution 
of the bonds, this transformation is accompanied by a much greater decrease 
of the resonance energy of the benzene ring. Thus the keto is much less 
stable than the enol form and the latter predominates. 
Stabilization of another type occurs in the case of acetyl acetone : 


H,C CH CH, 
OP ae, Ce 
C C 
b b 


In the enolic form, resonance of the two normal structures J and JJ with 
the ionic structures J/J to VI occurs : 


H,c CH CH, H,c CH CH, 
a Aan a a A 
LoL Lt 

| | 

bu b 6 HO 
I II 

c: i¢H CH, H,C rr ai 
VA \ 
\ we er ae c 

b- a+ 6- b- a+ 6- 

It IV 
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: HC CH CH, 
Nf Se a 


The result of the contribution of these structures to the molecular 
resonance will be that the hydrogen is equally bonded to the two oxygen 
atoms which may thus be regarded as joined by a hydrogen bond (for a 
discussion of the hydrogen bond, see Chapter 12). ‘he gain in energy 
owing to the resonance is sufficient to make the enol more stable than the 
keto form and the equilibrium mixture is found to be 92 per cent enol 
and 8 per cent keto in the gas phase. 


BOND ENERGIES IN INORGANIC COMPOUNDS 


In organic chemistry we have a very great variety of molecules which are 
formed by only a few different types of bonds. It is possible therefore to 
establish experimentally the constancy of the bond energy of any particular 
bond. A rather different state of affairs exists in inorganic chemistry 
where there is both a wide variety of different types of bonds as well as 
of compounds. We shall consider first the energies of the normal single 
bond between like atoms. In the case of the elements of the first and 
seventh groups accurate data are obtained from spectroscopic measurements ; 
this has been discussed in Chapter 8. In P, and As, the atoms are 
arranged tetrahedrally and each atom of phosphorus or arsenic therefore 
forms three single bonds, using the three unpaired p electrons. The 
number of bonds in P, and As, will be six, corresponding to the number 
of edges of the tetrahedron, and the energy of one P—P or As—As bond 
may therefore be taken as equal to one sixth of the heat of formation of 
the molecule from gaseous atoms. The heat of the reaction 2P, = P, may 
be obtained from vapour pressure measurements and is approximately 
30 kcals. Using a spectroscopic value for the dissociation energy of P, 
into atoms (116 kcals) we obtain the value of 262 kcals for the heat of 
formation of P, and hence the energy of the P—P bond ‘is 44 kcals. 
Similarly we find that the heat of formation of As, is 203 kcals, and hence 
the As—As bond energy is 34 kcals. In addition to the molecules S, and 
Ses, which are stable only at high temperatures, sulphur and selenium 
exist in the vapour state as cyclic structures having the formulae S,, S, 
and Se,, Seg. In these structures each atom forms two single bonds, there 
being eight bonds in S, and Se, and six in S, and Seg. The bond energies 
may be calculated from the energies of the reactions 35,=45.¢, Sg=35. } 
S,=2S. For the energy of the S—S bond, the value of 52:5 kcals 1s 
obtained employing the data for S, and 51 kcals using the data for Sg. 
The corresponding values for the Se—Se bond are 42 kcals and 40 kcals 
respectively. These values are somewhat different from those given in the 
literature, since more recent values of the spectroscopic dissociation energies 
of P,, As,, S, and Se, have been used. The main possibility of error lies 
in the determination of the heats of formation of the diatomic molecules 
from the higher polymers. 

The energy of the S—S bond may be determined by another method. 
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If in H,S, the atoms of sulphur form a normal single bond H—S—S—H, 
then by subtracting from the heat of formation of H,S, twice the energy 
of the S—H bond, the energy of the S—S bond is obtained. The heat of 
formation of H,S, is 205 kcals and the energy of the S—H bond is a half 
of the heat of formation of H,S (162 kcals) and hence Ey_3 = 205 — 162 
= 43 kcals, a value which is somewhat lower than that obtained from the 
heats of formation of S,and S,. This discrepancy may be due to a difference 
in the ionic character of the S—H bond in H,S and H,S,. 
. . The data obtained may be used to 
Table CXIX. Energies of Single and compare the energies of the single and 
Dee L OS multiple bonds (Table CXIX). The single 
| | Ge bond energies of phosphorus and arsenic 
Bond energy | Single bond are slightly more than one third of the 


soa a sata _ sas aets = energy of the triple bond. For sulphur and 

_—________ ——__—_——— selenium, the single bond energies are more 
P 116 44 than half the energy of the double bond. 
. im oe A similar variation of bond energy with 
Se | 62 41 multiplicity occurs in carbon: E,¢_¢ = 62 


kcals, Equg = 101 kcals, Egec= 128 kcals. 

The existence of such molecules as Py, As, 
and C, is now understandable since the transfer from multiple to single 
bonds is accompanied by an increase in the stability of the molecule. 

The energy of the single bond between two oxygen atoms may be 
obtained by a process analogous to that used above for the S—S bond. 
Hydrogen peroxide has the structure H—O—O—H, thus containing two 
O—H bonds and one O—O bond. The heat of formation of water is 
220 kcals which gives a value of 110 kcals for Eyp_y. Employing this value 
and 254°5 kcals as the heat of formation of hydrogen peroxide, we obtain 
Eo-o = 34°5 kcals. This value must not be regarded as too exact, however, 
since for the successive dissociation of H,O we have 

H,O = OH + H AH = 119-5 kcals 
OH =O+H 4H= 99-5 kcals 
Employing the latter value as the energy of the O—H bond we obtain for 
the dissociation of hydrogen peroxide into two peroxide groups 
H,O, = 20H 4H = 55-5 kcals 
‘The energy of the O—Cl bond in Cl,O is found to be 49 kcals, hence 
employing Pauling’s equation (page 100) we may write, 
-Eo-c = $ (Eo_o = Eau-ea) 
and hence using the value Eg_@ = 57:8 kcals, obtained spectroscopically, 
we obtain 
Eo~o < 40:2 kcals 
The examination of a considerable amount of data shows that the energy 
of the O—O bond is to a great extent determined by the nature of the 
adjacent molecules and we can therefore give only a very approximate 
value for the bond energy. 

The heat of the reaction 20, = O, is practically zero, although the 
molecule O, exists as a separate entity. Pauling rejects the structure 
Ld 

| 
O—O 
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and the heat of formation of the molecule, 275 kcals, is too great to be 
accounted for by four single bonds. However, resonance between the 
homopolar and eight ionic structures of the type 
+O=O 
6—0- 

may occur and thereby increase the heat of formation. The molecule is 
unstable, however, since the entropy of the O, molecule Is less than twice 
the entropy of an O, molecule. 

The energy of the N—N bond may be obtained from the heat of for- 
mation of hydrazine, H,N—NHag, if the energy of each of the four N—H 
bonds is assumed to be one third of the heat of formation of ammonia, 
249 kcals. The value obtained is 22 + 2kcals. This is a particularly low 
value, especially in view of the fact that the energy of the N, molecule is 
of the order of 170 kcals and hence the energy of the single bond 1s much 
less than one third of the energy of the triple bond. There are, however, 
other data which confirm indirectly the low value of the energy of the 
N—N bond. First, although the elements phosphorus and arsenic give the 
stable molecules P, and As, formed by o bonds, the corresponding molecule 
N, has never been observed. Evidently in this case, the transfer of + bonds 
to o bonds is unfavourable from energy considerations. Secondly, the nitric 
oxide molecule shows little tendency to dimerise to the molecule N,O,. 
The heat of formation of NO is 122 kcals and if we assume that the energy 
of the N=O bond is 108 kcals as in organic molecules, it follows that the 
three electron bond contributes 14 kcals to the energy of the NO molecule. 
In the formation of the dimer O=N—N=O, the energy of two three 
electron bonds is lost and that of one N—N bond is gained. Since the 
heat of this reaction is close to zero it follows that the energy of the N—N 
bond is of the order of 28 kcals, a value which, although approximate, 
satisfactorily confirms the previously obtained low value. Finally, the 
energy of bonds between nitrogen and other atoms is relatively small ; 
thus Ex_. = 38 kcals and Egy, notwithstanding the resonance with 
lonic states, is only 53 kcals. 

In molecules forming single and multiple bonds, a parallelism is found 
to exist between the decrease of the internuclear distance and the in- 
crease of bond energy on converting a single into a double or triple bond. 
Thus, where there is a large increase in the bond energy on increasing the 
multiplicity of the bond, there occurs also a marked decrease of the inter- 
nuclear distance. The variation of bond distance with bond multiplicity 
is shown in Table CXX. 

The heats of formation of the oxides of Table CXX. Ratio of Internutt 
nitrogen are given in Table-CXXI, The (26 GAA. sate of internuctear 
sous oxide Bnolecale is linear, with the Oi Inu Gna Mepis Bonds 


| 
oxygen atom at one end of the molecule and ae | | Triple 


is generally represented as a resonance hybrid gp,,,4 | Bond 

of the two structures Tsingle Tsingle 
N-=N+t=O N=N+—O- — | | 

The contribution of these forms to the Oe oo on 0°73 

resonance of the molecule must be about gg sco CO a 

equal as nitrous oxide has an almost zero dipole SeSe | 0:93 CC a8 

moment, and it is therefore not possible to | PP | 085 
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Table CXXI. Heats of Formation 
of Nitrogen Oxides 


t 
| 


| Heat o 


regard either of these formulae as a basis 
for the computation of bond energies. 
Pauling* has suggested that in nitrogen 


Molecule | formation |, Molecule ce dioxide resonance occurs between the 
keals | keals | tWo Structures : 
+ 
N,O 208 | NO, 462 a - O 
NO | 122 | NO, | (248) po a 
NO, 194 | NO, | (247) N. N 
N,O, , 325 ; HNO; 344 Xe N 
NOe | 40) 2 | O O 


the dotted line -::: representing a 
three electron bond. Ifthe bond energies of N—O is taken as 61 kcals, 
of N=O as 108 kcals and the three electron bond as 14 kcals, we obtain 
the value 183 kcals for the calculated heat of formation, compared with the 
observed value of 194 kcals. The difference of 11 kcals represents the 
resonance energy. Although this resonance stabilizes the molecule, it is 
insufficient to prevent dimerization to N,O,. The structure of this mole- 
cule has not been established, but x-ray diffraction measurements suggest 
that the atoms are arranged in the following manner : 


O O 
N N 
O O 


For such a configuration it would appear that the arrangement of bonds 
would be 


or 


Structure J is unsatisfactory’, due to the adjacent positive charges, a 
view which is upheld by an attempt to calculate the heat of formation. 
The energy of two nitro groups, including resonance energy, lies between 
338 and 372kcals; therefore since the measured heat of formation is 
401 kcals the energy of the bond N+t—N¢+ cannot be less than 29 kcals, 
but since the energy of the normal uncharged N—N bond is of this order 
of magnitude, the bond energy being considered must be less, since there 
is considerable electrostatic repulsion, Thus a calculation of the bond energy 
of the structure J, with the inclusion of the resonance energy, will fall below 
the observed value. In structure JJ containing pentavalent nitrogen 
atoms, the energy of excitation of nitrogen atoms to the pentavalent state 
(2522p3 —> 2526335) is so great that it is most improbable that the molecule 
would have an energy of 401 kcals. An alternative structure not in agree- 
ment with x-ray data would appear to be 
O- / = O 
\ 
Nt—O 
Vi 
O 
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and the calculated value of the heat of formation assuming the molecule 
to consist of one nitro group, two N—O bonds and one N=O bond, lies 
between 399 and 416 kcals in agreement with the observed value. 
Nitric acid has the structure : 
H O 
\ VA 
O—N+ 
\ 
O- 

and if it be regarded as the combination of a hydroxyl group and a nitro 
group, we obtain the value 234 kcals as the heat of formation of the nitrate 
ion. This ion will have the structure : 


in which, through resonance, all the oxygen atoms are identical. The 
following structures are possible for N,O; 


O O 
Va , 
Nt N 
Ue 4 No 
Oo 0 
\ f°? \. 4 
Nt N 
\ X 
O- O 
I II 


For the purpose of estimating the heat of combustion, structure J may be 
regarded as being composed of two 


O 
Va 
O—N+ 
\ 
O- 
groups. This gives a heat formation of the order of 475 kcals in agreement 
with the observed value. This structure J is also supported by the dipole 
moment data. The formula J/, involving pentavalent nitrogen, is regarded 
as improbable owing to the high excitation energy of the valency state. In 
the decomposition of nitrogen pentoxide, it has been suggested that the 
molecule NO, is formed as an intermediate product. This molecule is a 
free radical and most probably may be represented by six valence bond 
structures of the type 
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For the dissociation energy of S—O, Herzberg! assigns the value 
92 kcals ; from the heats of formation of SO, we find the average value 
of the SO bond is 122 keals and from SOs, 109 kcals. These values are in 
agreement with the multiplicity of the SO bonds, since in the sulphur 
dioxide molecule, each bond possesses one half double bond character 
owing to the resonance between the structures O=S+t-—-O- and O-—-S+=O 
and in sulphur trioxide the bonds possess one third double bond character 
owing to the resonance between three structures of the type 


O 


Vi 
O-—S?+ 
\ 
O- 
The electrostatic interaction is greater in SO, although the excitation 
energy of sulphur to the tetravalent, doubly charged, positive state is 
greater than that to the trivalent, positively charged state. 

If in the molecule S,Cl,, the energy of the S—S bond is taken as 52 kcals, 
each S—CI bond has an energy of 61 kcals. Such an apportionment of 
the energy of the molecule is only approximate since in addition to the 
normal homopolar structure Cl—S—S—C], the ionic forms : 

-C] S=St—Cl and Cl—St=S Cl- 

will contribute to the molecular resonance. ‘The heat of formation of 
SOCI, is 214 kcals, of SO,Cl,, 316 keals and of S,0O,Cl,, 615 kcals. With 
these molecules. owing to the great variety of resonance structures, it Is 

not possible to apportion particular energy values to individual bonds. 
Table CXXIL. Bond Energies for Hydvid The inet of Mais in- 
aoe . 0 nergtes for rlydariaes volvin rogen H and 
: radia Sabie ad te the belo cn: (MHal) ae be 


| obtained by dividing the 


is ee | ne (Oe en ee 
Energy | inet) En heats of formation of the 
et ee ee [Bond “als molecules MH, and MHal, 
SiH_ | 75 | BBr 77 PC) 75 by x. The values obtained 
Ne | 83 oo 9} eu 61 are given in Table CXXII. 
AsH ze SiCl és AsCl é The values for the energies of 
the Si—O and Si=O bonds, 
On 1 0 ra 69 | fe 53. which are also given in Table 
I I ot : 34 CXXII are obtained in the 
a) va | ec 3 | a Ae former case from the heat of 
| formation of silica (SiO.),, in 
BeCl 107 PbF 105 OCI 49 which each silicon atom is 
Be = | aC a | ae = 35 bonded sie yee saa 
BC] 96 ee NCI 38 | Si-O | 16; and in the latter from the 


heat of formation of gaseous 
molecular) SiO,. 

An examination of the data given in Table CX XII shows that there is a 
steady decrease in the energy of the MH bond as a periodic group Is 
descended. This behaviour is probably associated with the repulsion of 
filled electronic shells and a decrease in the contribution of the ionic state. 
The bonds of the elements of the sixth group with hydrogen are more 
stable than those of the fifth group since the ionic structures M~H+ will 
be present in oxygen and its analogues to a greater extent than in nitrogen. 
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From the values for the bonds involving halogen, no generalization can 
be made. On descending a periodic group there will occur an increase 
both of the repulsion due to the electronic shells, and resonance involving 
the ionic state M+Cl-. It would appear that these two opposing factors 
more or less cancel each other. 

The energies of the bonds in polyhalogen compounds MHal,, do not 
correspond in the majority of cases, with the dissociation of the corre- 
sponding sub-halogen, MHal. Unfortunately, the relevant experimental data 
are neither complete nor accurate and it is hardly possible therefore on the 
basis of the existing data to make any generalizations. It may be pointed 
out, however, that in a number of instances the observed data are in 
agreement with ideas developed in Chapter 2 for the excitation of valency 
states. For example, with mercury and beryllium, the energy of formation 
of the molecules M{Hal is less than that for the second stage of the reaction 
MHal + Hal > MHal, : 


Be +Cl=BeCl 4H=—99kcals BeCl +Cl=BcCl, JH= —116 kcals 


Hg+Cl=HgCl 4dH=—27kcals HgCl+Cl=HgCl, JH= — 52 kcals 
Hg+Br=HgBr 4H=—25kcals HgBr+Br=HgBr, 4H= — 45 kcals 
Hg+I =Hgl 4H=—llkcals Hgl +I =Hgl, JH= — 35 kcals 


Ca+F =CaF 4H=—29kcals CaF +F =Cak, 4H=(—285 kcals) 


Mercury and beryllium in the ground state have no unpaired electrons 
and for the formation of a chemical bond it is necessary to unpair the two 
s electrons and excite one to a pf state. This excitation is necessary before 
bonding can occur. Thus the energy of the reaction Hg + Cl = HgCl 
does not indicate the energy of the Hg—Cl bond, but that bond energy 
reduced by the electronic excitation energy. In the formation of the 
second bond, the bonding electron is already unpaired and the correct 
bond energy is liberated as the heat of reaction. In the case of boron and 
aluminum on the other hand, the energy of the first stage is greater than 
that of the middle stage in the formation of BHal, and AlHal,. The 
energies of the first stage are : AIC], 110 kcals, BBr, 101 kcals, BCI, 117 kcals 
and for the middle stage g1 kcals, 77 kcals and 16 kcals respectively. The 
electronic configuration of these atoms are s*p and hence the first bond is 
formed by the unpaired p electron whereas, in the second stage an s electron 
has to be excited to the pf state and the heat of reaction is equal to the bond 
energy less the excitation energy. Similarly in PCl,, the energy of each 
P—Cl bond is 75 kcals, for the reaction PC], + 2Cl = PCI, the heat of 
reaction is only 78 kcals, i.e. 39 kcals for each bond. In phosphorus the 
electronic configuration is s%63 so that in the formation of PCI, all the 
unpaired electrons are used and the formation of further bonds will require 
an additional expenditure of energy to transfer the atoms to the new 
valency state. 
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VAN DER WAAL’S FORCES 


THE FORCES of attraction between molecules are responsible for the 
changes in the physical state of substances which occur when the tempera- 
ture or pressure is changed. Since the molecules do not fall into one 
another, there must also exist forces of repulsion which will be operative at 
short intermolecular distances in contrast to the attracuve forces which 
exert their influence over comparatively long distances. In gases the 
forces of attraction are responsible for the divergence of behaviour from 
that predicted by the perfect gas equation PV = RY. In liquids the 
forces of attraction play a considerable part in determining the physical 
behaviour, and the magnitude of these forces may be obtained from the 
heat of evaporation of liquids. If 1 gm mol of a liquid is evaporated at 
constant pressure, an amount of work P(V,, jou, — Vitguia)» 18 obtained. If 
this quantity is subtracted from the latent heat of evaporation A, we obtain 
a value for the energy spent in overcoming the attractive forces between 
the molecules. A comparison of such values for different substances must 
be made at corresponding states, and it is general to assume that the boiling 
point of the liquid fulfils this condition since it is, for many substances, 
0-64 of the critical temperature. The term P(V,. sou — Vitgusa) May then be 
replaced by AT without great loss of accuracy. Some values of the 
intermolecular attraction energy for different compounds are shown in 
Table CXXIII and it is seen that the values vary over a wide range, but in 


every case are very much lower than the energy value normally associated 
with a chemical bond. In 


Table CXXHI. Heats of Evaporation solids, which consist of an 
Substance | Boiling g point | rRT Substance | Boiling point | XRT ordered array of molecules, 
| “kea kals the energy of attraction 
ae | 4°2 0013 || Ammonia aS 239°6 4:98 may be obtained from the 
lydrogen .. 20°4 O°21 Prop ionic act 327°4 2 . . ° 
Nitrogen .. 77 1:21 Ethyl vaca 351°4 8-74 heat of sublimation in a 
i similar way to that de- 
Ox gen go’! | 1°46 || Water es 373'1 8-g0 heavtor |r 

Krypton “es | F29°9 | 192 || Antiine 457 959 Scribed tor liquids. 

a je TOS PO Many substances are 


known to associate in the 
gaseous or the liquid phase or in solution and in certain cases pairs of 
molecules or higher associated groups are known to exist. The nature of 
the forces of attraction which cause this molecular association is electrical 
in origin, and is due ultimately to the fact that matter is composed of 
positively charged nuclei and negatively charged electrons. For polar 
molecules it is necessary to distinguish between two types of electrostatic 
interaction, dipole-dipole and dipole-induced dipole. When molecules 
possess a permanent dipole moment, the oppositely charged portions of the 
molecules are attracted to each other and the portions with like charge 
repelled. he resulting force between the molecules, whether it be attractive 
or repellant, depends on the mutual orientation of the molecules and if all 
configurations were equally probable the repulsion would compensate the 
attraction and no association would occur. However, the distribution law 
favours those orientations leading to attraction, since when the positive 
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end of one dipole is attracted towards the negative end of the other, the 
molecules are drawn together and the energy of attraction increases. On the 
other hand when the ends of like charge approach, the repulsion increases 
and the molecules are repelled. Attraction therefore prevaus over repulsion. 

Molecular association will be opposed by thermal agitation and thus a 
high degree of association only exists at very low temperatures ; at high 
temperatures all orientations will tend to become equally probable. This 
behaviour is analogous to the orientation of a molecular dipole in an external 
field, since in the present instance we are considering the orientation of a 
molecule in the field due to the surrounding polar molecules. 

The induced dipole interaction is due to the polarization of one molecule 
by the dipole of a second molecule, or more generally by the field due to 
the surrounding polar molecules. The induced polarization is superimposed 
on the dipole-dipole association and since it will have the effect of increasing 
the dipole moment of the molecule, the attraction energy is increased. This 
effect is reciprocal, each dipolar molecule polarizing the other. 

The average energy of dipole-dipole interaction (see Chapter 18) 
is given by 

2 p4 

3 PkKT 
where yp is the dipole moment, r the distance between the centres of the 
dipoles, k Boltzmann’s constant and T the absolute temperature. This 
equation may be applied at fairly high temperatures and only when the 
distance between the dipoles is considerably greater than the length of the 
dipole. The energy of attraction due to the induced dipoles is given by 


| ace (12) 


yr == 2u2a/r6 e@cee (12.2) 


where a is the polarizability. We thus see that on the basis of classical 
electrostatics it is possible to develop a theory which will account for the 
two types of intermolecular interaction of polar molecules. 

In order to account for the attraction between non-polar =——*++——= 
molecules on the basis of the electrostatic theory, it is neces- 
sary to regard the molecule as a quadrupole, which may be 


pictured as a molecule with two identical dipoles directed ~* : 
in opposite directions. The quadrupole may be either linear 
or rectangular as depicted in Figure 39. Such a treatment 
may be applied not only to molecules such as CO,, which 
consist of two identical polar bonds pointing in opposite — aoe 
directions, but also to homopolar molecules such as Hy. It 1s ert oH sed 


possible to calculate the field due to the quadrupole and to “quadrupoles 
consider, in a way similar to that described above, two types 
of interaction, mutual orientation of the quadrupoles and polarization of one 
molecule in the field of another. The calculation shows that the field due 
to the quadrupole decreases more rapidly with the distance from the mole- 
cule than does the field due to the dipole. The attractive force is thus a 
short range force which rapidly falls to zero as the distance from the molecule 
is increased. 

A value for the quadrupole moment of the hydrogen molecule may be 
obtained by the methods of wave mechanics, but it is found to give too low 
a value for the van der Waal’s energy. Furthermore, the quadrupole 
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treatment would also appear unsatisfactory when applied to the atoms of 
the inert gases, which have electron clouds possessing spherical symmetry. 
Nevertheless, the inert gases interact with each other in a similar manner 
to other substances, as shown by their physical behaviour. Evidently, 
quadrupole interaction, although occurring in certain cases is not a general 
phenomenon and may be regarded as being supplementary to the interaction 
of permanent dipoles. However, experimental data show that even with 
polar molecules, another attractive force in addition to those produced by 
the dipoles is operative. This fact is illustrated by the data given in 
Table CX XIV. The heats of sublimation of the hydrogen halides increases in 
the order HCl, HBr, HI, whereas the dipole moment and therefore the 
dipole-dipole interaction decreases in the same order. Although the 
polarizability increases 
in this order, the in- 
duced dipole interaction 


Table CXXIV. Heats of Sublimation of Hydrogen Halides 


Distance between | Dipole | Polarizability Heat : 2 
Molecule | molecules in moment | (cc X 1074) | sublimation : dead ote to Pa a 
solid state A keals and the square of the 
ea poe dipolemoment decreases 
es 3°89 sah a 5°05 more rapidly than the 
r 4-17 O7 3°5 5°52 abiliin 
HI 4°50 0:38 36 22. polarizability increases. 


We must therefore con- 


clude that electrostatic 
theory does not account for a force which causeS interaction between all 
molecules both polar and non-polar. 

An alternative and more acceptable theory of intermolecular forces was 
developed by Lonpon by quantum mechanical methods. We shall illustrate 
the basis of this theory by considering the interaction of two atoms of 
hydrogen when they are sufficiently far apart so that no electron exchange 
occurs ?.e. at a ‘van der Waal’s distance’ of 3 to 4A. Each atom possesses 
no dipole moment, since owing to the spherical symmetry of the electron 
cloud, it is equally probable for the electron to be found on any side of the 
nucleus. This, however, only means that the average dipole moment, 
taken over a period of time, 1s zero. At any given instant, the nucleus and 
the electron are located at a certain distance from each other in a particular 
configuration relative to an arbitrary set of coordinates. Thus each atom 
always has a momentary dipole moment and such momentary dipoles 
interact one with another in the same way as permanent dipoles. Although 
we have considered the particular case 


of the hydrogen atom, the same ideas p= +— 1 \ P 
may be applied toany atom or molecule. ae — IT 

According to the relative orientation + — — -/ rb b 
of the momentary dipoles, either attrac- — + — II 
tion, Figure goa, or repulsion, Figure gob, Figure 40. Dipolar interaction, a attraction 
may occur. A gain in energy of the b repulsion 


system leading to attraction will occur 

if the motion of the electrons in adjacent molecules is synchronized, for 
example, moving from the first to the second position in Figure goa and then 
back again. The position of the electron in the atom is not fixed even at the 
absolute zero, and this random movement of the electrons will tend to oppose 
the effect of synchronization, having the same effect as thermal energy on 
the orientation of permanent dipoles. 
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The momentary dipoles set up a field which polarizes the adjacent 
molecules or atoms and the induced moments tend to keep in phase with 
the oscillation of the original dipoles. Calculation for the ideal case of the 
interaction of two harmonic oscillators leads to the following expression for 
the energy of interaction (see Chapter 18). 

z 3 a2 

b= — jo vnc 1269) 
where vo is the frequency and a the polarizability. This equation may be 
applied to any atom or molecule and we find that the interaction of tem- 
porary dipoles always leads to an attraction energy which is independent of 
the presence of a permanent dipole. The energy, represented in equation 
12.3 is generally referred to as the dispersion energy. A more detailed 
treatment shows that that term fv, in the expression 12.3 may be replaced 
by the ionization potential without significant error. Ionization potentials 
are known for a number of molecules and in Table CXXV the data of 
SuGDEN, WALsH and Price! and of STEVENSON and Hippie? are sum- 
marized. It is seen that the ionization potentials of molecules do not 
vary over wide limits and for an approximate evaluation of the dispersion 
energy a value of 230 kcals may be used; thus the magnitude of the 
dispersion energy is mainly determined by the polarizability of the different 
molecules. 


Table CXXV. Tontzation Potentials of Molecules 
| 


Tontzation |; Ionization Tonizatwn 

Molecule potential | Molecule potential Molecule potential 
kcals keals kcals 
H,O 289 NH, 249 CH=C—C=CH 247 
CH,OH 249 CH,NH, 226 CH,—CHCI 229 
C,H,OH 247 (CH,),NH 221 CHCI=CHCI cis 221 
C,H,OH 247 (CH,),N 217 CHCl=CHC1 trans 228 
(CH,),O 242 HCHO 250 C,H, 212 
(C,H,),O0 235 CH,CHO 235 C,H,C,H; 1gl 
H,S 240 (CH;),CO 233 C,H,CH, 202 
C,H,;SH 224 CH,—=CHCHO 232 C,H,(CH;), 19! 
(CH;),S 217 CH,CH=CHCHO|— 235 (CH,),C=CH, 204 
(C,H;).S 214 CH,CH,CH, 258 CH,C=CH 259 

(n-C,H,)S 212 CH,CH=CH, 225 


An important difference between dispersion forces, on the one hand and 
dipole and induced dipole forces on the other, lies in their additive properties. 
Let us consider first induced dipole 


forces. Let the dipole AB (Figure 41) A B C D E 
polarize the molecule located at C. If eatin a 
on the other side of C and at an equal 5 i — a 


distance from C, there is located a igure g1. Cancellation of induced moments 
second dipole DE with a momentacting 

in the opposite direction, it will polarize the molecule C to an equal extent, 
but in the opposite direction to that induced by dipole AB, and the molecule 
C will not be polarized. Thus we may conclude generally that the polariza- 
tion of a molecule due to one dipole may be weakened or neutralized, if the 
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fields due to other dipoles are superimposed on that of the original dipole. 
The same conclusion applies to dipole-dipole interaction ; if two dipoles 
are so arranged that they are attracted towards a third dipole they will be 
prevented from occupying positions which are most favourable to their 
own mutual interaction. Thus, in liquids and solids, as a result of the 
ordered arrangement of molecules, dipole-dipole and induced dipole forces 
may be compensated to a considerable extent. 

The dispersion forces, however, possess different properties. As LONDON? 
has pointed out, ifseveral molecules interact simultaneously with one another, 
each molecule will introduce into the other molecules a series of coordinated 
periodic dipoles, which are in phase with the exciting dipoles. Each molecule 
thus produces a number of induced periodic dipoles each of which is 
always oriented so that it is attracted to the corresponding inducing molecule. 
The resulting simultaneous interaction of several molecules leads to the 
additive superposition of the forces of attraction of individual pairs of 
molecules. Thus, for example, if we have three molecules, the dispersion 


energy will be 
E=E&,, + E45 + Eos oo 2 (12.4) 


where £,., E,, and E,, represent respectively the interaction energies of 
the pairs of molecules 1 and 2, 1 and 3, and 2 and 3. 

The van der Waal’s forces are generally considered as the combination 
of the three individual attractions described above. The average attraction 
energy between two molecules will therefore be 


ee 1 2p "He” 2 2 3 Vi Vo 
SS = “( SkT T py", + oe" Ay + glazes 17 | 


ss ge (E265) 
where p, is the dipole moment, a, the polarizability and v, the frequency 
of the first molecule and p, a, and v, the corresponding quantities for the 
second molecule. The first term in the bracket represents the dipole-dipole 
interaction, the second and third terms the induced dipole interaction and 
the fourth term the dispersion interaction. 

In equations 12.1, 12.2, 12.3 and 12.5 the energy of interaction is found 
to be proportional to 1/r®. This arises from the fact that the interaction is 
between dipoles, either permanent or induced, and the field F due to a 
dipole is proportional to 1/r’. Since the energy of interaction is aF?/2, we 
see that it will be proportional to 1/r®. In order to obtain the force of inter- 
action, the energy must be differentiated with respect to the distance r and 
hence is proportional to 1/r’. 

In addition to a dipole, a molecule may possess a constant or periodic 
quadrupole or moment of higher order. The equation 12.5 obtained above 


Table CXXVI. Relative Contributions of Dipole, Induced Dipole nie not include all eS 
and Dispersion Effects in van der Waal’s Forces sible energy terms an 
is only the first term of 


an infinite series. For 
example, the energies of 
the dipole-quadrupole 
or quadrupole-quadru- 
pole interactions are 
proportional respective- 
ly to 1/r8 and 1/r!® and 


Dipole | Induced 
Substance | associa-| dipole | Disper- 
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hence at large distances make an insignificant contribution to the interac- 
tion energy. 

The relative contribution of the various interactions in the van der Waal’s 
forces are given for a series of substances in Table CXXVI. As pointed out 
above, the dispersion energy is present in every case and only makes a rela- 
tively small contribution in strongly polar molecules in which dipole-dipole 
association prevails. The variation of the dipole-dipole interaction energy 
is very great, being zero in non-polar molecules but increasing to 77 per cent 
for water owing to the fact that it is proportional to p*. Although the values 
of the dipole moments of methyl and ethy] alcohol are almost identical, the 
polarizability of ethyl alcohol is greater and the dispersion energy is corre- 
spondingly increased. 

In the van der Waal’s equation of state for real gases, the interaction 
energy of the molecules is represented by the term a. The interaction of 
the molecules produces the so-called ‘inner pressure’ given by the term 
a/V*. The work done in overcoming this attraction will be 


Og, a 
| pdv= V .... (12.6) 


and consequently a/V is a measure of the energy required to overcome the 
forces of intermolecular attraction. The quantity 6 in the van der Waal’s 
equation is related to the volume of the molecules. The introduction of this 
quantity, by regarding the molecules as rigid spheres, takes into account 
the repulsion of the melecules. Measurement of these rigid spheres gives 
the so-called van der Waal’s diameter of the molecuie. 

The forces of interaction between molecules are fundamental in deter- 
mining the physical properties of liquids. Although, at the present time, 
there exists no comprehensive thecry of the liquid state it is possible, never- 
theless, to observe some quantitative relationships. For example, the 
boiling point rises as the number of carbon atoms increase in an homologous 
series. This behaviour will be related to the increase of the polarizability 
as the molecule increases in size which will cause an increase of the dis- 
persion forces. If we consider molecules of approximately the same 
polarizability but with different dipole moments, as with the strongly polar 
RNO, and the much less polar esters of nitrous acid RONO, then it is 
found that the former boil at a much higher temperature (Table CXXVII). 
In the case of the nitriles = Table CXXVII. Influence of Dipole Moment oa Boiling Point 
and isonitriles, the dipole 


: | irae tie 

. Dipole ' Dipole | Difference 
moments are approxi- eee Boiling Hcaoment in [Boiling || in boiling 
mately the same and Substance | gelitien fe Substance gr fee foes 
there are correspond- Tare oak yar eee ee : 
- bd a § Iol at —I2 I] 
ingly smaller differences C,H,NO, oa 1! C,H;QNO 2°20 17 g6 
in the boiling points. As G:H:iNO.; — 126 || C;5H,ONO| 2-28 57 69 
the hydrocarbon chain CHACN | 3's1 81-5 || CHNG. _— Ee 21° 
is increased in length, CALCN eee 6 || CHONG 3°47 feel G68 


however, the relative 
contribution of the dispersion forces is increased and the differences in the 
boiling points of corresponding members of the two series of compounds 
become less. 

In the gaseous phase, polar molecules may be oriented without hindrance 
by an external field and experiment shows that this is also so in dilute 
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non-polar solutions. In a polar liquid, however, each molecule is closely 
surrounded by neighbouring dipoles which make rotation impossible in an 
external field. It is therefore necessary to consider the inner field due to 
the polar molecules of the liquid ; the direction and size of this field will 
be dependent on the momentary orientation and arrangement of the 
neighbouring molecules. As a result, the total polarization of the liquid, 
t.e. (€ — 1)M/(e + 2)d, may be less than in the gaseous phase. Thus for 
example in the case of CH,I, polarization in the gas phase is 77 cc and in the 
liquid 42 cc ; in CH,;COCHs the figures are respectively 176 and 63 cc and 


in C,H;OCH, 62 and 52 cc. In the gas phase the orientation polarization 
will be 


4 yp? 
3 BET 
and in a pure polar liquid the effective orientation polarization will be 
__ Etgata 1M 
a ee q — (Pe t+ Pa) wee (12.7) 


where éyqua iS the dielectric constant of the pure liquid and P, and P, are 
the electron and atom polarizations. A number of attempts (DEBYE‘, 
ONSAGER®, PiEKARA® and Kirkwoop’) have been made to obtain a relation 
between the effective and ideal (i.e. gas) orientation polarization and 
Syrkin® has proposed the following relationship : 


( €uquia— 1) 7 M 


Boi P 
®t. (eaaee) @ — 
3 3kT ; Sica) 2 eoee e 
7 Eniguiat 2 
or 
P os 


Enqua—! \ 2 »..+(12.9) 


Table CXXVIII. Dipole Moments Calculated from Dielectric Constants of Pure Liquids 


Duelectric Dipole moment D 
Molecule Density constant of | Refractivity }-———_—___|________ 
liquid ce Calculated from Measured in 
D equation 12°8 | non-polar solvent 
CH,I 2-286 71 19°26 1°40 1°37 
C,H,Br 1°43 9°5 IQ‘Il 1°99 2°01 
CH,COC! 1°1051 15°9 16-31 2°59 2°68 
HCOOC,H; 0°92 8:27 17°71 1°Q4 1°92 
CH,COOCH, 0:9338 7°03 18-1 1°74 1°78 
C,H,ON 0-783 27°7 15°88 3°45 3°87 
C,H,NO, 1°207 34°09 32°72 4°28 3°96 
C,H,CH, 0°8659 2°39 30°81 0-4 0-4 
C,H,OCH, 0°994 4°41 33°0 1°29 1°23 
C,H,N 1-093 g°0 39'5 2:18 2°19 
a-C,,H,Br 1-4868 5°17 51°32 1°47 1°52 
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By means of equation 12.8 it is possible to obtain the dipole moment from 
measurements of the density, refractive index and dielectric constant of the 
pure liquid. In Table CXXVIII the application of this formula is illustrated 
by comparing the values of dipole moments employing equation 12.8 and 
the experimental values determined in non-polar solvents. The agreement 
is good in most cases, but with strongly associated molecules containing 
intermolecular hydrogen bonds, formula 12.8 is not applicable since it 
gives values which are too high (e.g. 3 D instead of 1-84 D for water). 


MOLECULAR COMPOUNDS INVOLVING VAN DER WAAL’S FORCES 


The action of van der Waal’s forces between molecules brings about the 
formation of a number of molecular compounds from molecules in saturated 
valency states. For example, the inert gases form molecular compounds 
with water (hexahydrates), phenol and cresol®, the association being due 
to dipole-induced dipole forces and to dispersion forces. More stable 
molecular compounds are formed, however, between organic nitro com- 
pounds and aromatic hydrocarbons. The nitro group is strongly polar and 
the double bonds of aromatic hydrocarbons possess a high polarizability. 
Thus conditions are very favourable for dipole-induced dipole interaction. 
Dispersion forces will only play a small part as hydrocarbons do not generally 
form molecular compounds with each other. The structure of the association 
compound will be such that the nitro group is as close as possible to the 
polarized double bonds. This will generally result in the two molecules 
lying side by side and hence the dipole, which is induced into the hydro- 
carbon, will be in the opposite direction to the original dipole. The 
resulting moment of the molecular compound is therefore less than that of 
the original dipolar molecule. This behaviour is illustrated by the fact 
that the moment of nitrobenzene, 4:22 D, is reduced, when measured in 
naphthalene solution to 3:73 D and the molecular compound?® of m-dinitro- 
benzene, np = 3°79 D, with naphthalene, has a dipole moment of 3:43 D, 
measured in benzene solution. 

The heat of formation of molecular compounds of this type depends upon 
the number and configuration of the nitro groups in the molecule. In the 
case of the dinitrobenzenes the most stable compounds are formed by the 
ortho derivative and the least stable by the para derivative. In order to 
Table CXX1X. Heats of Formation of Molecular Compounds illustrate the order of eae wa 

between Trinitrobenzene and Hydrocarbons tude of the heats of formation 
of molecular compounds, the 


Heat of Heat of values for the compounds of 
Hydrocarbon | formation Hydrocarbon formation , +: . 
keals keals  ttinitrobenzene with a num- 


| 

ber 6oof unsaturated hydro- 
Benzene 06 — || Phenylbutadiene 21 carbons are given in Table 
Naphthalene 3°4 || Diphenylbutadiene 2:9 CXXIX. Asis to be expected, 


Phenanthrene 4:0 Diphenylhexatriene 2°4 : : 
Anthracene | 4:4; 3-6 || Phenylacetylene og the heat of formation in- 


Styrene 1-8 || Diphenylacetylene 207 ~~: creases with the polarizability 
of the hydrocarbon. 


MOLECULAR COMPOUNDS INVOLVING CHEMICAL BONDS 


In addition to the molecular compounds which we have so far discussed 
and in which the dipole moment of one of the molecules is the primary 
factor in causing the association, intermolecular compounds exist in which, 
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in addition to the purely physical van der Waal’s forces, chemical forces 
play a part by the formation of additional valency bonds. The inorganic 
halogen derivatives form two distinct classes of compounds with organic 
substances depending upon whether they form an ionic or molecular crystal 
lattice. In the former type, the organic molecules surround the central ion, 
by which they are polarized, whilst the halogen ions are displaced from their 
original positions, the interionic distance being increased. This type of 
compound is similar to those discussed in the previous section, the only 
difference being that the forces of attraction involved are ion-induced dipole 
forces in place of dipole-induced dipole forces. With the halogen compounds 
of boron, aluminium and tin, which form molecular and not ionic crystal 
lattices, association compounds involving chemical bonds are formed. 
Several of these compounds have been extensively studied. According to 
the data of LAUBENGAYER and Fintay!! the heat of formation of gaseous 
BF,-(CH,;),O from gaseous BF, and (CH,),O is 13:9 kcals, and VAN DER 
MEuLEN and HELLER!” have shown that the heat of formation of BF, °C,H.N 
is 51 kcals. Electron diffraction data! show that in BF,*(CH;),O, the 
B—O distance is 1-52 A and the configuration of the dimethy] ether molecule 
remains unchanged. The B—F distance however is increased from 1-30 A 
in BF, to 1-41 A. Thus we may conclude that the actual energy of the B—O 
bond is greater than 13:9 kcals, since the deformation of the molecule and 
the lengthening of the B—F bond distance will be endothermic processes. 


Table CXX2, Dipole Moments of Molecular Compounds and their Organic Components 


Dipole Moment D Dipole Moment D 
Molecular —_— Molecular oo 
Compound Organic Compound Molecular | Organic 
Compound | Molecule Compound | Molecule 
BeCl,~2(C,H;),O 1°18 AICl,:p-CIC,H,NO, 7°79 2°98 
BeBr,-2(C,H;),O 1-18 AIClI,-o-NO,C,H,CH, 8-92 3°7 
AICl,-p-NO,C,H,CH, 9°68 4°4 
BF,-(CH,),O 1°29 AIBr,:(C,H,;),O 6-43 1°18 
BF,°C,H,OCH, —_— AIBr,;-C,H,NO, Q'IZ 4°00 
BF,:(C,H;s),O 1°18 AlBr,-H,S 5:14 0°93 
BCl,-(C,H;).O 1°18 
BC],:-CH,CN 3°94 TiCl,-C,H,CN 6:05 4°05 
BCI,:C,H,CN 4°05 TiCl,-C,H,CN 6-16; 7:06 | 4°39 
AIC),:(C,H;).O 1°18 
AIC),-C,H,;NH, 1-37 SnCl,°(C,H;),0 3°60 ri8 
AIC],:Cs,H,NO, 4°00 || SnCl,-2(CH,),CO 7 2°95 
AICl,:C,H,OCH, 1°35 SnCl,:2C,H,;,COCH, 8-7 2°96 
AICl,-(C,H;) CO 3°13 SnCl,-2C,H,CHO 7°53; 8-1 3°00 
AICI,:0-NO,C,H,Cl 4°59 | SnCl,:C,H,CN 6-55 4°39 


The dipole moments of various non-ionic molecular compounds are given 
in Table CXXX and in each case the moment of the compound is greater 
than that of the organic molecule from which it is formed. Furthermore, 
the moment is also greater than that obtained for the inorganic compound 
when dissolved in an organic solvent: AlI, and AICI, in benzene have 
moments of 2°5 D and 5 D respectively4 and for BC], and AlCl, in dioxane 
the values 4:86 D and 2-02 D have been obtained}5. Although dipole-dipole 
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and dispersion forces will undoubtedly play some part in the formation of 
such compounds, in view of the magnitude of the bond energies and of the 
dipole moments they cannot be the only bonding forces and must be regarded 
as supplementary to the valency forces. The boron atom may acquire an 
electron and thus become negatively charged and tetravalent, thereby being 
able to form four homopolar bonds. If in the associating organic molecule 
there exists an atom such as oxygen or nitrogen, which can increase its 
valency by the loss of an electron, the formation of a chemical bond is 
possible. The compound between BF, and (CH3),O evidently involves a 
bond between a tetravalent, positive boron atom and a trivalent, negative 
oxygen atom and the structure J will contribute to the resonance of the 
molecule. 


F CH, 
\ va 
F—B-—O*+ 
va ac 
F CH, 
I 


This structure is strongly polar and evidently explains the large dipole 
moment of the compound. It has been suggested that the large dipole 
moments of this type of compound may be due to the deformation of the 
BF, molecule to a pyramid structure. Although this configuration of 
the bonds does occur in the B+ ion in which the four bonds are tetrahedral, 
the value of the moment could not be due to the BF bond without assuming 
the completely ionic structure B*+3F-, which is improbable. From the 
experimental value for the dipole moment of BF; °(CH,).O, ztz 4°35 D, it is 
possible to calculate by vector addition the contribution of the B—O bond 
to the moment of the molecule. The value obtained is 2:1 D, which is much 
lower than the calculated value for the moment of a unit positive and a 
unit negative charge separated by a distance of 1-52 A, viz 7-4.D. There 
must therefore be a superposition of structure J with the van der Waal’s 
structure IJ, 


F CH, 
fe 
Bi Batic: O 
/ Xs 
F CH, 
Il 


thus giving to the molecule the observed stability and dipole moment. 
It is very probable that in addition to the structure J the ionic structure 
III may contribute to the resonance of the molecule. 
F- CH, 
we 
F——_B——-O+ (three structures) 


II 
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Such structures will certainly be present in the molecular compounds of 
titanium and tin e.g. 


Cl- Cl CH, 


Sn Or ( four structures) 


Ye 
Cl Nor CH, 
and their existence 1s substantiated by the fact that on substituting a chlorine 
atom by methyl radical, as in SnCl,(CH,) or B(CH,)3, the tendency to 
form molecular compounds decreases. 

Molecular compounds of BF, with (C,H,),O and (#so-C,H,),O are some- 
what less stable than those formed with (CH,),O. This has been explained 
on the basis of steric hindrance caused by the CH, groups:!¢ 

BF, 
H : H H 
mh y- . ana 
ra \ 7 FZ Ng 


CH, CH, 
Tetrahydrofuran, on the - hard, gives a more stable compound : 


The compound between aluminium chloride and ammonia, AICI, ‘NHg, 
is remarkably stable and may be distilled without decomposition at 400° C. 
The energy of the AI—N bond in AICI,-NH3, AlBr,-NH, and AII,-NH, 
have been found to be 40, 38 and 30 kcals respectively!’. Evidently 1 reson- 
ance exists between the following valence bond structures 


Cl H Cl H+ 
XS He XN 
Cl—Al+t—N-—H C]—Al-—N—H 
ye \ / 
Cl H Cl H 
one structure three structures 
Cl- H+ Cl- H 
/ 
Cl—AI—N—H Cl—A]—N+—H 
a “< va \ 
Cl H Cl H 
nine Structures three structures 


Analogous structures will contribute to the resonance of AICI,°H,S, 
PH, ‘CuHal and PH; -AlHal,. In the complexes formed between aluminium 
chloride and unsaturated hydrocarbons, valence bond structures are possible 
in which the aluminium becomes negatively charged with respect to a 
carbon atom, 1.e. 

Cl 


\ 
Cl—Al-—CH,—*CH, 


Cl 
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which will resonate with both the alternative ionic structures : 


Cl- 


Cl—AlI—CH,—+CH, 


Cl 


three structures 


and that involving van der Waal’s forces : 


Cl 


\ 
Cl—AI------CH,=CH, 


Cl 


THE HYDROGEN BOND 


The term hydrogen bond has been introduced to cover a type of molecular 
interaction of considerable significance, the qualitative effects of which 


have been extensively observed. 
The interaction generally occurs 
between a hydrogen atom, 
chemically linked to one mole- 
cule and an O, S, N, Cl or F 
atom in a different or in the 
same molecule. The latter case, 
where the bonding is intra- 
molecular, will be discussed in 
the next section and we shall 
confine ourselves here to inter- 
molecular bonding, which may 
arise in the solid, liquid or 
gaseous states to produce mole- 
cular association. Some values 
of the bond distance of hydrogen 
bonds are givenin Table CXXXI. 

Most of the characteristic 
properties of the hydrogen bond 
may be illustrated by a con- 
sideration of the dimer of formic 
acid which has been studied by 
electron diffraction methods}, 
The dimeric form, which is 
dissociated only to the extent 
of 7 per cent in the gaseous 
phase at 3° C has the following 
structure 


Table CXXXI. Lengths of Some Hydrogen Bonds 


Hydrogen Bond} Bond qnstt Substance 


Ice 
C(CH,OH), 
o-C,H,(OH), 
(COOH), 


(CF,COOH), 
(HCOOH), 
(CH,COOH), 


HIO, 
CO(NH,)3°H;0, 


KHF, 
NaHF, 


NH,N, 
Phthalocyanine 


CO(NH,), 
NH,CH,COOH 
Diketopiperazine 
NH,F 
NH,HF, 


CH,(COOD), 


i 
a 
br 


O—D::--O 
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O—H--O ‘ wh 
y 
H—C Pcs 
Be J <1:36 A> 
O..---H—O 


<— 273 A> 


The hydrogen of the hydroxyl group is located between the oxygen atom to 
which it was originally joined by a covalent bond, and the carbonyl oxygen 
of the second molecule. The atom of hydrogen has only one unpaired 
electron and consequently can participate in only one covalent bond. 
Therefore we shall have to consider bonding mechanisms other than the 
homopolar bond to account for the formation of the hydrogen bond. 

In the hydroxyl and carbonyl bonds, in addition to the homopolar 
structures —O—H and > C=O, the ionic states —O-~Ht+ and > Ct—O- 
contribute to the bond resonance. When the bonds are located adjacently, 
as in the dimer of formic acid, the contributions of the ionic structures will 
be increased owing to the mutual induction of the two groups. The additional 
electrostatic attraction energy, between the positively charged hydrogen 
atom and the negatively charged oxygen atorn of the carbonyl group 
produced thereby, will increase the stability of the molecule. The dimer 
may therefore be regarded as a resonance hybrid of the structures J to V of 
which J and J/ are ionic, JJ] and IV homopolar and V a charged homopolar 


structure : 
O- H+ O- O H—O 
Ze \ 0 \ 
H—Ct+ C—H H—C C+—H 
Ss Va \ 
O—-H O O- H+ O- 
| IT 
O H—O O-H O 
ie \ 
H—C C—H aa C—H 
x \ 4 
O—H of O H—O 
II Iv 
O+—H O- 
Ho” C—H 
\ 4 
O- H—O+ 


V 


The resonance in the carboxyl group between the homopolar and charged 
structures VJ and VII will assist in the formation of the hydrogen 


O O- 
of -of 
‘on Not 
VI VII 
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bond, as it increases the negative charge on the carbonyl oxygen atom 
and also increases the ionic character of the O—H bond since, in structure 
VII, the positive charge on the oxygen atom of the hydroxyl group will, 
most probably, be transferred to the hydrogen atom. 

The nature of the forces responsible for the hydrogen bond are still not 
completely understood. However, it is now considered! that the forces 
are largely van der Waal’s forces on which valency forces are superimposed, 
thereby strengthening the bond. The main evidence on which this con- 
clusion is based is the fact that the X—H bond distance is not appreciably 
increased when the hydrogen atom takes part in a hydrogen bond. Thus 
in the case of the dimer of formic acid, Davies and SurHERLAND?? have 
found that the O—H bond distance is 1-04 A, compared with the value of 
0-98 A in the monomer, and since the O—H..----O distance is 2-73 A it 
follows that the H------O bond distance is 1-69 A, which is a much greater 
value than the covalent bond distance. Thus we see that hydrogen forms 
arn almost normal homopolar bond with one oxygen atom and that the bond 
to the other oxygen atom is due very largely to van der Waal’s forces. The 
ma.n contributions to the molecular resonance in formic acid will thus be 
from structures /, JJ and IJ. 

The suggestion which has sometimes been put forward, that the hydrogen 
atom is not localized but is spread out in the form of a proton cloud, in a 
similar manner to the single electron in the hydrogen molecule ion, appears 
most improbable in view of the much greater mass of the proton and the 
fact that similar bonds occur in deuterium compounds. 

The heats of dimerization of formic, acetic and benzoic acids have been 
determined and are 14:1, 16-4 and 8-7 kcals respectively. Since in each case 
two hydrogen bonds are formed, we obtain the values 7-05, 8-2 and 4°35 kcals 
for the energy of a hydrogen bond. The magnitude of these values is much 
lower than for a homopolar bond and these figures therefore confirm that 
the bond is produced largely by forces of the van der Waal’s type. 

As will be clear from an examination of the structures J, /J and V for 
formic acid on page 274, the dipole moment is reduced considerably on 
dimer formation, since the moments of the two molecules will compensate 
each other. 

The frequency of the valency vibration of the O—H bond in molecules 
containing this group, lies in the neighbourhood of 3,500 cm~! and the first 
overtone at 7,000cm~1, The N—H bond gives a similar absorption bond 
at 6,850 cm-}. In compounds, however, where the O—H or the N—H 
groups are involved in strong hydrogen bond formation it is found that 
radiation is not absorbed at these characteristic frequencies and instead of 
a sharp peak, the spectra of these substances show only a broad diffuse band 
in these regions. This effect has now been observed for so many substances 
giving hydrogen bonds, that it may be regarded as a criterion of hydrogen 
bond formation. 

In gaseous hydrogen fluoride, long chain or cyclic polymeric molecules, 
(HF), are formed, the energy of the intermolecular bond being between 
4 and 7 kcals. The formation of these polymers is due to hydrogen bond 
formation between fluorine atoms. In molecular hydrogen fluoride, in 
addition to the homopolar structure H—F there is a considerable con- 
tribution of the ionic form H+F- and if the two fluorine atoms are located 
side by side this contribution is increased owing to the mutual induction 
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produced by the configuration H+F-H+tF-. Further stability may be 
given to the structure if a covalent bond occurs between the atoms of 
hydrogen and fluorine of different molecules. The polymer may thus be 
represented as a resonance hybrid of the structures 
H—F H—F H+F-HtF- H F—H F 
I II il 

The distance between two atoms of fluorine is 2-26 A and in the isolated 
hydrogen fluoride molecule the HF bond distance is 0-92 A, thus making 
the H--- F bond approximately 1-34 A in length. In the hydrogen bond it 
is characteristic that the hydrogen atom is bound to not more than two 
atoms, although structures in which the hydrogen is bound to more than 
two atoms are not theoretically impossible. Pauling considers that this is due 
mainly to steric effects, so that in hydrogen fluoride, for example, one 
proton is surrounded by two large negative ions which prevent a third 
negative ion approaching sufficiently close to produce bonding. 

The tendency for atoms to take part in hydrogen bond formation decreases 
in the order F, O, N, Cl and S. This sequence follows the decrease in 
electronegativity of the atoms and hence of the ionic character of the X—H 
bond. There is some indication that bromine and iodine take part in 
hydrogen bond formation, but as is to be expected these are very weak in 
character. 

In Chapter 6 it was shown that in the compound (CH,),0°HCI, the 
structure 

CH 


, 4H 
Oe a 
O 
a 
CH, Cl 


involving tetravalent oxygen was clearly incorrect. A recent examination?! 
of the equilibrium between (CH,),0 and HCl between 260° and 303° K 
shows that the heat of reaction is 6-7 kcals and the energy of activation very 
small. Evidently this compound is brought about by the formation 


CH, 


of a hydrogen bond in which the van der Waal’s forces are augmented by 
the superposition of the oxonium structure : 


CH, 


\ 
O+—H Cl- 


CH, 

The energies of hydrogen bonds between oxygen and nitrogen are given 
in Table CXXXII. There is some evidence for the existence of hydrogen 
bonds involving the C—H group. Although such bonds will be very 
weak, they may be responsible for the formation of molecular com- 
pounds between chloroform and acetone, (CH,),CO---HCCI, and ether, 
(CH,),O---HCCl,. 
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Association in solultion— It has been known Table CXXXII. Heats of Formation 

for a long time that certain substances in ¥ sear Compounds Containing 

: : ‘ ; {ydrogen Bonds 
solution associate to form dimers or higher 
polymers, the first systematic work on this i 

‘i hat of BECKMANN and. von days 

subject being t 0 ae vo Molecular Compound formation 
Auwers?*, More recently a_ considerable Reals 
amount of data has been accumulated using ———_—______ 
the cryoscopic method which has shown that /2yridtne-o-chlorophenol 6:8 
the most important cause of molecular associa- ee flees ae 
: ; : : olutdine—o—chlorophenol 3°5 
tion between organic compounds in solution Toluidine-p—chlorophenol 4:2 
is intermolecular hydrogen bonding?? The 
important groupings are again found to be 
those between H and O, N and S. Thus ethyl alcohol is associated in 
solution, whereas diethy] ether is not. 

The nature of the solvent determines to a large extent whether a solute 
is associated in solution or not and this behaviour is closely related to the 
solubility of the solute. Compounds possessing an intermolecular hydrogen 
bonded structure will preserve that structure only in aprotic solvents such 
as benzene and the solubility is generally less than with similar compounds 
or isomers in which the hydrogen bonded structure is lacking. In polar 
solvents, which can take part in hydrogen bond formation, however, the 
intermolecular hydrogen bond may be destroyed in favour of a hydrogen 
bonded structure between the solute and the solvent, with the result that 
the solubility is increased. For example, benzoic acid and phenol dissolve 
in benzene, chloroform, carbon tetrachloride and other aprotic solvents to 
form an associated complex, whereas in solvents of the type CH,C,H,X, 
the association decreases in the series 

X = CH,, Cl, Br, I, NO,, COOR, CN, CHO, NH,, COOH, OH 
and in acetone, ethyl ether, ethyl alcohol, acetic acid and ethyl acetate 
solution, no association occurs owing to the preferential formation of 
hydrogen bonds between solute and solvent molecules, e.g. 


O 
Vi 
C 


\ a 
O—H::-O=C 
aS 
R 
This behaviour may also be illustrated by the case of formanilide, 
C,H;NHCOH, which dissolves in toluene to form polymers produced by 
intermolecular hydrogen bonding ; the addition of pyridine considerably 
reduces the degree of polymerization owing to the formation of hydrogen 
bonds between the formanilide and pyridine : 


O H 
YQ 7 
C 


| H.-N” 
ae, 


NY, 
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In addition to solubility and cryoscopic studies, the association of solute 
molecules may be investigated by the variation of the dielectric constant 
with concentration. If the solution is non-polar, the value of the dipole 
moment calculated from the value of the dielectric constant at infinite 
dilution, obtained by extrapolation, may be close to the value obtained in 
the gaseous phase. If this be so, there are no anomalous solvent effects, but 
cases exist where this is not so and such behaviour may be explained by 
two theories. The first assumes that association of solute molecules persists 
at low concentrations and may be illustrated with reference to the curious 
variation of polarization of ethyl alcohol in hexane solution. As the con- 
centration is increased, the polarization falls, passes through a minimum, 
rises to a maximum value and then falls to the value for the polarization of 
pure ethyl alcohol. In dilute solution the molecules are evidently associated 
in such a way that the dipole moment is decreased, this may occur through 
the formation of quadrupoles by means of hydrogen bonds, viz 


R—O...-H 


HOR 


On increasing the concentration, larger complexes will be formed and this 
can only occur by the formation of linear polymers of the type : 


R R R 
| | 
db n.do-G_H 


in which the O—H bond moment is increased through mutual induction. 
At high temperatures, the formation of such complexes will be opposed by 
thermal agitation and the variation of polarization with concentration is 
very slight. 

In the second theory the formation of intermolecular complexes is not 
assumed and the variation of the dipole moment with concentration is 
considered to be caused by the limited orientation of the dipole molecules 
in the external field, due to the field of the surrounding polar molecules. 

The dioxan effect — For the measurement of dipole moments in solution 


Table CXXXIII. Dipole Moments of Organic it is usual, for reasons which have been 


Compounds in Benzene and Dioxan Solution Aiscussed above, to use non-polar sol- 
vents. However, this is not always 


Dipole Moment D practicable since, as we have already 
Molecule —____—_-—____——. pointed out, solubility is to a large 
In benzene | In dioxan extent dependent on solute-solvent 


Nitrobenzene ii os interaction and in inert solvents such 
Trimethylamine oxide | 5-04 502 ‘interaction is considerably reduced and 
Aniline _ 1°54 1-77. the solubility thereby restricted. For 
b-Nitraniline 6-17 6-81 this reason dioxan, 

B-Naphthylamine 77 2°10 CH,—CH, 

Fluorene 0°53 0°65 / 

Triphenylmethane 0-20 0°46 O O 

Pyrrole 2°2 3°2 \ 

4—-Methylglyoxaline 4:8 6-2 CH,—CH, 

Pyrazole I- 2:2 

annie ob 31 has been used as a solvent for the 


measurement of dipole moments. The 


278 


INTERMOLECULAR ATTRACTION 


bond moments of the two ether linkages are largely compensated and it has 
only a small dipole moment : 0-4 D. It is to be expected that the oxygen 
atoms will form hydrogen bonds with X—H groups in the solute molecule 
and this will lead to an increase in the ionic character of the X—H bond 
and hence to an increase in the dipole moment of the solute molecule. In 
Table CXXXIII the dipole moments measured in benzene and dioxan 
solution are given for a number of substances. In the case of nitrobenzene 
and trimethylamine oxide, the moment in the two solvents is practically 
the same since the only bonds of the X—H type, are the C—H bonds, 
which are not sufficiently polar to take part in hydrogen bond formation. 
In the case of aniline, the dipole moment in dioxan solution is greater by 
0-23 D than in benzene solution on account of the structures : 


x Pr 
a, We y 


two structures \ 


two structures 


Sour structures 


In p-nitraniline the effect is still greater owing to the additional possible 
structure : 


An example in which the effect is most marked is a—oxypyridine for which 
the moment in dioxan is greater than that in benzene by 1-6D. This will 
be due to the large contribution to the resonance of the molecule from the 
structures : 


TK 
Ov H  CH,—CH ( J H. cH,-oH, 
N “A. \ NY \ Y Ne 
O- OF O O Ot 
Nou,—cH’ \oH—cH” 


Effect of hydrogen bonds on the properties of liquids— The effect of hydrogen 
bonded structures is to produce certain anomalies in the physical properties of 
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liquids. Thus, for example, in the series H,Te, H,Se, H,S, the boiling points 
and the heats of evaporation are lowered and it might therefore be expected 
that the next member of the series H,O would boil at a lower temperature 
than H,S, whereas in fact it boils at a temperature 160° higher. The same 
behaviour is noticed in the hydrides of the fifth group elements, where NHg 
boils at a higher temperature than PH, and in the seventh group elements 
where the boiling point of HCl (— 85° C) is only slightly less than that of 
HBr (— 69° C) and HF boils at 19° C. Normal behaviour is only found to 
occur in the fourth group where the boiling point increases in the series 
CH,, SiH,, GeH,. The cause of this behaviour is that the molecules HF, 
H,O, NH, and HCl form association complexes by means of hydrogen 
bonds. In the isoelectronic series CH,, NH;, H,O and HF, methane, in 
which there is no association, has the lowest boiling point (— 112°C) ; 
ammonia has a higher boiling point (— 33° C) since a nitrogen atom of one 
molecule forms a weak hydrogen bond with the hydrogen atom of a neigh- 
bouring molecule. The boiling point of water is considerably higher owing 
to the formation of two hydrogen bonds by one oxygen atom to two neigh- 
bouring water molecules, thus : 


a ne at H 
ee iH 
O O 


7 ae 
a a 


These hydrogen bonds are more stable than those formed by nitrogen. In 
HF, as we have seen, each atom of fluorine gives only one stable hydrogen 
bond and as a result the boiling point is lower than that of water. Thus it 
is essential, when considering the effect of hydrogen bonds, to take into 
account both the stability and the number of hydrogen bonds formed. 

In the series of compounds CH,CH,, CH,NH,, CH,OH and CH,fF, 
ethane (— 88° C) and methyl fluoride (— 78° C), where hydrogen bonding 
is absent, have the lowest boiling points and methyl alcohol has the highest 
boiling point (+ 65° C). This behaviour was originally considered in terms 
of an anomalous Trouton’s constant, 4/7, where A is the latent heat of 
evaporation per gm mol and T is the boiling point, which in the associated 
liquids is always greater than the normal value given by Trouton’s law : 
A/T = 21 cals/degree/gm mol. This law, stated in another way, indicates 
that the entropy change on evaporation is a constant. The fact that on 
transformation from the gaseous state (ideal state, with no association) to 
the liquid state, the entropy change is greater in the associated liquid than 
in the non-associated liquid, means that the associated liquid has the lower 
absolute entropy and is, therefore, the more ordered state. The reason 
for this ordered state is now apparent since hydrogen bonding will tend to 
produce an ordered array of hydrogen bonded molecules. 

The mutual solubility of liquids is also conditioned by the extent of inter- 
molecular action. Although ideally the mixing of liquids is a natural 
process accompanied by an increase in entropy, in real systems the heat of 
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mixing may be positive or negative, as it is dependent on three different 
quantities, the energies of attraction of like molecules in the two original 
liquids and the energy of attraction of the two unlike molecules in the mixture. 
The empirical rule that similar substances are mutually soluble is found 
to hold generally. Thus hydrocarbons dissolve other hydrocarbons. If one 
liquid is polar and the other is not, mixing will occur only if the polar 
molecule has a large non-polar section capable of dispersion interaction 
with the first, e.g. nitrobenzene and benzene. If both substances are capable 
of forming hydrogen bonds, e.g. water and the short chain alcohols, solution 
will occur. If the chain length of the alcohol is increased, the OH groups 
of the alcohol are screened by the hydrocarbon chain and the extent of 
hydrogen bond formation with water molecules is correspondingly decreased. 
In addition, there is little dispersion interaction between the water molecules 
and the hydrocarbon chain and hence as a result of the combination of all 
these effects, the solubility of the higher alcohols in water is small. Similar 
behaviour occurs with the ketones and the ethers. In the latter case the 
screening of the polar group is particularly effective even in relatively short 
chain compounds, such as diethyl] ether 


H H H H 

S77 oe. 
: OL. 

ae. Ne C H 
a a 
H HH H 


When liquids of similar chemical structure and polarity are mixed, there 
is generally little change in volume, only small deviations from Raoult’s law 
and very small heats of solution. This behaviour occurs on mixing methyl 
and ethyl alcohols, methyl and ethy] acetates etc. Ifhowever, the substances 
interact strongly, as occurs, for example with acetone and chloroform where 
hydrogen bonding occurs, there is generally observed a decrease in volume, 
a lowering of vapour pressure compared with that predicted by Raoult’s 
law and a positive heat of solution. These results will be due to the energy 
of interaction of the unlike molecules being greater than the sum of the 
energies of interaction 
of the like molecules. 
Sometimes, on mixing a 
polar and a non-polar : | 
liquid the reverse effect Mixture AV Ap AH 
is observed and there 1s per cent | percent | keals 


Table CXXXIV. Deviations from Ideal Behaviour in Liquid Mixtures 


an increase in volume, 


an increase in the vapour Ooh (C a a Cl ri ee F + av 
: 2 8 
pressure compared With GHLDE>GHON | 0a | — 98 209 
3 : : 
Raoult’s law and a nega- C,H,COOCH, | +008; +1 | + 0°2r 
i i CS,—CH,OH +13 | + 22 + 3°! 
tive heat of solution. 73 ; pale 6 Ses 
C,H,—CH,OH + 69 4 
Examplesofthedifferent Gt COCH,—CS, +14 | +59 | +570 
kinds of behaviour are CH,COCH,—CHCI, —o2 |—22 | — 5°56 


given in TableCXXXIV. 
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INTRAMOLECULAR HYDROGEN BONDS 


The physical properties of a number of ortho-di-substituted derivatives of 
benzene show a marked difference from those of the corresponding meta— and 
para— isomers, This effect was first noticed by von AuweERs and PFIEFFER 
for the nitrophenols and hydroxybenzaldehydes. o-Nitrophenol melts at 
45° CG which is much lower than the melting point of either m-nitrophenol 
(96° C) or of p-nitrophenol (113° C), is less soluble in water than the m- 
and f-isomers, does not give addition compounds with tripheny] chloro- 
methane unlike most compounds containing an hydrexyl group, and in 
solution it does not associate, in contrast to the m— and p-isomers. These 
properties may all be explained if an intramolecular hydrogen bond is 
considered to exist between one oxygen atom of the nitro group and the 
oxygen atom of the hydroxy! group, thus, 


and similarly for o-hydroxybenzaldehyde 


H O 
\Z 
C 


H 
O 
VA 


These substances have subsequently been shown not to absorb radiation 
in the 7,000 cm~! region, which is a characteristic frequency of the valency 
vibration of the OH bond, thus confirming the hydrogen bonded structure. 

The formation of intramolecular hydrogen bonds, sometimes referred to 
as chelation, occurs 1n a very large number of organic compounds and only 
a few of the more important examples may be referred to here™, “In 
2—nitroresorcinol both oxygen atoms of the nitro group take part in 
hydrogen bond formation with the hydroxyl groups : 


Sp. 


a 
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and similar ring formations are possible, whenever groups such as —N=O, 
—CONH,, —COCH, are in the ortho-position to a hydroxyl group. 

Salicylic acid is as strong an acid as o-chlorobenzoic acid, in spite of the 
acid weakening resonance of the hydroxy] group and is much stronger than 
the o- and p-isomers®. This increase of acid strength is due to the partial 
neutralization of the carboxylate ion by the proton from the hydroxyl 
group and the resulting increase in the stability of the ion by the contribu- 
tion to the molecular resonance of the structure : 


[ 


\ 
O- 
H 
7 
O 


The increase in acid strength due to hydrogen bonding of this type is even 
more marked in 2, 6—dihydroxybenzoic acid (K, = 5 x 107?) in which the 
stability of the ion is increased by the contribution of the structures : 


to the molecular resonance. 

It is important to appreciate the difference between the hydrogen bonding 
occurring in salicyclic acid, which leads to an increase of acid strength and 
that existing in o-ritrophenol which leads to a decrease in the acid strength 
of the hydroxyl group. In the first case, the proton of the primary acid 
group (COOH) does not take part in the hydrogen bond and it is the ion 
that is stabilized, whereas in the second case, the hydrogen atom of the acid 
group (OH) is involved in the hydrogen bond formation and the acid 
strength is decreased, because of the increased stability of the acid. 

When dissolved in benzene or carbon tetrachloride, salicylic acid forms 
a dimer and the infra red spectrum shows no absorption at the normal OH 
frequencies. The structure of the dimer must therefore be 
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in which the hydrogen atoms both of the hydroxyl and the carbonyl groups 
take part in hydrogen bond formation. 
Intramolecular hydrogen bond formation may also occur in a carboxyl 


group : 
O 

g ~ 

H 
N77 
O 


Such bonding, although sufficient to partially inhibit the free rotation of 
the hydroxyl group, is very weak on account of the long O --.- H distance. 
Therefore wherever possible intermolecular hydrogen bonds are formed 
where the O.--H bond is shorter and the resulting structure more stable. 

Acetoacetic ester can exist in both the keto and enol tautomeric forms 
and it might be expected that the enol form would have a higher boiling 
point and would dissolve more readily in water, than the keto form. This 
is not the case, however, and the enol form has the lower boiling point and 
dissolves in water approximately twenty times less readily than the keto 
form. This behaviour is explained by the formation of a hydrogen bond in 
the enol form as in structure J, 
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which is probably stabilized by resonance with structure J//, 
H,C O 


C 

HG 
7 
OR 


IT 
Similar structures occur in the case of acetylacetone (//J and IV) 


H,C CH CH, H,C CH CH, 
N42 NZ Nu NF 

C C C 

Wc Gitcca ieee 

HI IV 


which exhibits anomalous behaviour of the same type. 
Hydrogen bonds may also occur with nitrogen-containing compounds 
such as the oxime formed from aniline and salicylaldehyde (V and VI) 


CH CH OH 
‘\ N —C,H,; \ N 4 
/ / 

O O 

V VI 


The formation of such hydrogen bonds, permits a distinction to be made 
between the cis and trans forms of compounds such as VI/ 


VII 


For example, two oximes of o-oxybenzophenol VIII are known : 
H 


Khe 


and the infra-red spectra of the acetyl derivatives shows that the character- 
istic hydroxyl] frequencies are absent for one of the isomers. This must be 
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the trans form LX, in which the formation of a hydrogen bond is possible 


oo 
ry 
IX 
since such bonding is impossible in the cis form X : 


H,COCO 
H 


a N 
i é 
» @ 

From a consideration of the above examples it is possible to define the 
conditions favouring the formation of an intramolecular hydrogen bond as 
follows : 

1 The configuration of the atoms in the molecule must be such that the 
hydrogen atom can be situated between two electronegative atoms. 

2 The distance of the hydrogen atom from the adjacent electronegative 


atoms must lie within certain limits. ‘Thus in o-oxybenzonitrile, there is no 
hydrogen bond in spite of the fact that the hydroxyl group is adjacent to 


the nitrogen atom : O 
+? 
H 
Cc 
N 


N 


The reason for this is that the nitrile group is linear and the H---N distance 
is about 3°5 A, which is too great for hydrogen bond formation. 

3 The o-positions of a planar six-membered ring are most favourable for 
hydrogen bond formation and the molecular resonance involving the ring 
will generally stabilize the hydrogen bond. 


INTERNAL ROTATION 


The various forces which we have hitherto only regarded as producing 
interaction between different molecules viz, dipole-dipole, dipole-induced 
dipole and dispersion forces, and the repulsion between non-bonding 
electrons, may also produce interaction between the non-bonded groups of 
the same molecule. Such interaction will determine the extent of the 
freedom of rotation of various groups in the molecule and factors, such as 
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the dipole moment, which are dependent on the average configuration of 
the molecule, may therefore serve as an indication of this interaction. 

Van’t Horr postulated free rotation round a single bond in order to 
explain the lack of cis and trans isomers in molecules of the type of di- 
chlorethane. In the light of the quantum mechanical theory of the chemical 
bond, the free rotation is explained by the axial symmetry of the o bond 
between the two carbon atoms. Thus the o bond is not in itself a hindrance 
to free rotation, but as the rotation occurs the relative configurations of the 
atoms will be changed, so that the distances between the non-bonded atoms 
and consequently their energies of interaction will alter. 


: 


ov e 
Figure 42. Cts-configura- Figure 43. Trans- 
tion of ethane configuration of ethane 


In the ethane molecule, it is possible to conceive various configurations 
of the two methyl! groups with respect to each other. In one limiting con- 
figuration (cis) the hydrogen atoms of one methyl group are situated directly 
above the atoms of hydrogen of the other (Figure 42). As one of the methyl 
groups is rotated with respect to the other, the distance between the atoms 
of hydrogen changes and after rotation through an angle of 60° from the 
original cis configuration, the érans configuration is obtained (Figure 49). 
On further rotation, a similar series of configurations are obtained, but in 
the reverse order until at an angle of 120° to the original structure, the cts 
configuration is again obtained. Different distances between the hydrogen 
atoms and hence different interaction energies, characterize the different 
configurations. 

Of the infinite number of configurations obtained during the rotation, 
one will be the most favourable and this particular configuration will be 
adopted by all the molecules at absolute zero. At higher temperatures, 
however, the molecule may, by the absorption of energy, exist in con- 
figurations other than that corresponding to a minimum potential energy. 
The probability of the different configurations will be determined by 
the exponential term of the Maxwell- 
Boltzmann distribution law, vz 


> 275 
exp (— E/kT), where E is the energy ¢ 
and Tis the absolute temperature. A ~ 
rotation of 60° will take the mole- & 
cule from the most probable con- § 
figuration, with minimum potential O° 60° 120" 180° 240" 500" 560" 
energy, to the most improbable con- G08 We ASOT sen JOOn sea Oe 
figuration with maximum potential Angle of Rototion 
energy. The form of the potential — Kjpure 44. Change of potential energy 
energy curve for ethane is given in with internal rotation for ethane 
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Figure 44, where the most favourable positions are separated from one 
another by an energy barrier, which must be surmounted if rotation is 
to occur. If the height of the energy barrier is E, then in accordance 
with the rate equation in unit time there will be approximately 


(AT exp (—E/kT | 


transfers across the barrier. ‘Thus the presence of internal rotation is 
determined by the height of the potential energy barrier. The experimental 
data obtained by as many methods as possible (spectroscopic, dipole moment, 
electron diffraction and thermodynamic) show that internal rotation is very 


largely restricted in the 
Table CXXXV. Energies of Activation of Internal Rotation molecules which have been 


COL tee anes studied. For a number of 

Pay ieaspael Besa different molecules the 

Molecule about-sohich ae auntion Tae magnitude of the Poet 
pial OCHS Reals energy barriers is given in 

eee Table CXXXV. It should 

atts aig eae oH 2°75 26 be pointed out, however 
CH°CH,CH,CH,| CH®—CH. oe 4 that the majority of these 
CH,—CH, | 38 28 values must be regarded 

(CH,) ,CHCH, CH,—CH 38 28 as approximate since accu- 
CH) ,C _CHs— 4°2 28 rate determinations are, as 
CH-CF, oe ae 3 yet, not possible. Never- 
theless all the values for 

<o8 the energy of rotation of 
CH,°CH:CH, CH—CH nae her, 31, 32 ob. CC Sand. ¢H 
CECH CHCH, Cae ee - saturated hydrocarbons 
(CH,),C:CH, CH,—C ee 38 are of the order of 3 kcals. 
CH,CH:CHCH, | CH,—CH | <o8 28 In ethane the value is 
CH;C:CCH, CH;-—C | <0'5 33 2°75 kcals and we shall 
as a, first consider the reason for 

1-34 35 this rather unexpectedly 

CH,OH CH;—O 3°4 36 high value. The obvious 
6-4 37 explanation of the hin- 

a ie ede cae 30 38 dered rotation is the repul- 
(CH,),CHOH CH,—CH a 38 sion of the non-bonded 
CH—OH 6-0 38 electrons cf the hydrogen 

atoms of the two methyl 

CH,COCH, CH,—G 9 38 groups. In the ¢rans con- 
(CH,),0 CH,—O { ae figuration the distance be- 
(CH;),S CH,—S 2°0 4t tween the hydrogen atoms 
Ce Nil oe 1°5 42 is at a aera there 
3/2 = 3°9 43 being six H—H distances 
eerie oe ae 44 of ne A and three of 
CH.Br-CH,Br C6 >5'0 44 3:07 A. If the configura- 
ete te spe - oe >5°0 44 tion is,in fact, determined 
SiH, a Si_Si a a 8 the repulsion forces 
B,H, BB 4-0—6-0 47 etween the hydrogen 
Si(CH,), Si—C 1-3 48 atoms, then this structure, 


in which this repulsion 
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will be a minimum, 1s the most probable. In the cis position where there are 
three H—H distances of 2:27 A and six of 2-89 A, the energy of repulsion 
will be a maximum, and Eyrinc has shown that on the basis of this theory 
the magnitude of the energy barrier 1s only the order of 0:3 kcals. Clearly, 
therefore, this theory is not able to explain the high value for the height of 
the energy barrier obtained experimentally and Gorin, WALTER and 
Eyrinc*® have put forward the suggestion that the hindered rotation is 
due to resonance in the ethane molecule between the structures : 


H H H H 
We, Ne et 
H—C—C—H and H—C=C—H 


ne 
H H Piisextescverss H 


In this case the cis configuration will be the most probable, since in the 
trans form, the resonance energy will be less. 

Certain tentative conclusions may be drawn from the data given in 
Table CXXXV. In unsaturated compounds, the rotation in a single bond 
adjacent to a double bond is less restricted than in saturated compounds. 
This behaviour cannot be satisfactorily explained on the basis of the theory 
of Gorin, Walter and Eyring. Pirzer’s data suggest that the height of the 
energy barrier is greatest in the non-linear hydrocarbons, the energy in. 
creasing in the order CH,CH,CH,CH,, (CH;),CHCH,, (CH;),C. The 
energy barrier decreases with an increase of distance between the interacting 
groups, é¢.g. the energy barrier is much lower in Si(CH3), than in C(CH;,), 
and in Si,H, the rotation is almost completely unrestricted. 

In dichlorethane, CIH,C—CH,Cl, various configurations may also exist. 
In the first limiting case (cts), the two chlorine atoms are arranged above 
each other, with the distance between them at a minimum. On revolution 
of one —CH,Cl group through 180°, a second limiting position is obtained 
(trans) in which the distance between the chlorine atoms is a maximum. 
These two configurations may be represented diagrammatically in the 
following manner : 


Cl Cl 
°° JX 
fr \ / 
Cl 
I cts Il trans 


In addition to these configurations, two other forms are possible in which 
the angle of revolution of the —CH,Cl group from the cis configuration is 
60° (LIT). 
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Cl 
c= wy 
\ / 
tr 
two structures 


In this molecule the most important factor in determining the repulsion of 
the non-bonded atoms will be the repulsion of the two negatively charged 
chlorine atoms. It is therefore to be expected that that position possessing 
minimum potential energy will be the trans configuration and electron 
diffraction data®® is in agreement with this conclusion. The variation of 
the potential energy with rotation shown in Figure 45, has been calculated 
assuming that the ¢rans configuration is the most stable and that the probability 
of deviation from this position is determined by the Maxwell-Boltzmann 
law. The cts configuration, since it possesses maximum potential energy, 
cannot exist as a stable isomer. 


: 3 
& & 
6G ty 
cs Irons c/s <-==/G0" 
Argle of Rotation Angle of Rotation 
Figure 45. Potential energy Figure 46. Potential energy 
curve for internal rotation of curve for internal rotation of 
dichlorethane ethylene derivatives 


The dipole moment of the trans form of dichlorethane will be zero, 
whereas configurations obtained during revolution will have finite moments. 
Since the probability of configurations other than fans will increase with 


Table CXXXVI. Temperature Variation of Dipole Moment of *€™Perature the av 
the Di-substituted Derivatives of Ethane OMENE st ASO) In. 
crease. This prediction 


NCCH,°CH;CN js in agreement with 


lj 
QiH ,C ‘CH,C) | CIH,C-CH,Br | BrH,C-CH,Br 


Dipole }' Dipole | Dipole Dizok the experimental data 

oe nena | ane 5 TOC | moment || TC | moment as shown in Table 

iF eo  CXXXVI. The Raman 

2 12 |i tog |: 0-94 || —g0 2 ° 

Ba | 95 | rat 95 | 099 : 6 318 spectrum of dichlor- 

° 1°32 132 1-2 132 1°03 — 30 3°3 a 

14 40 2 a Be aaa cl ates 6 33° ethane contains, in addi 

; | | | agg HON to lines which may 

Lie Be es ee, ae wee ee 380 be ascribed to the frans 

a2 148 50 — a ie _ go 3°90 iti . 

eet see eee ee a oe is 390 form, additional fre 
| | \ } 
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at low temperatures, which correspond to a second isomer having the 
configuration J/J. If these data are correct, the potential energy curve 
(Figure 45) must show shallow minima corresponding to the isomer formed 
by rotation through 120° from the ¢rans configuration. 

In certain cases rotation may be inhibited by the formation of a weak 
hydrogen bond. This is considered to be the case in the carboxyl group 
for which the dipole moment is close to the value to be expected for the 
fixed configuration 


O 
0 


—C H 
\ 7 

O 
in which the hydrogen atom is situated as close as possible to the oxygen 
atom of the carboxyl group. 

The bond between the two carbon atoms in ethylene consists of a o and 
am bond. The o bond permits free rotation, but in the 7 bond two con- 
figurations, at 180° to each other, in which overlap of the a orbitals is at a 
maximum, give minimum potential energy and maximum stability. The 
variation of the potential energy in such cases is therefore marked by a 
very high potential energy barrier (Figure 46), the height of which corre- 
sponds approximately to the energy of a 7 bond. Thus rotation requires a 
very high energy of activation and is not possible at ordinary temperatures. 
In ethylene, the two configurations are indistinguishable but in the di-sub- 
stituted derivatives one configuration refers to the cs and the other to the 
trans form. In these cases the potential energy curve will no longer be 
symmetrical and the value of the minimum energy will be different in the 
two cases. Nevertheless, in view of the high energy barrier, the transfer 
of one form into the other is generally not possible. 

The photochemical transformation of maleic and fumaric acids 


HCCOOH HCCOOH 


oe 


| = | 
HCOOH HOOCCH 


occurs on absorption of ultraviolet radiation of wavelength of 2,800 A. This 
reaction evidently proceeds as the result of the excitation of one of the 7 
electrons, thus permitting rotation of the C—C bond. 

If, owing to resonance, the double bond possesses some single bond 
character, the height of the energy barrier will be lower than in the case of 
a pure ethylenic bond. This evidently occurs in the case of p—nitro-p- 
aminostilbene*?! : 


H,N—C,H,—CH=CH—C,H,—NO, 


in which resonance occurs amongst a number of structures containing a 
single bond between the two central carbon atoms ¢.g. 


ae 
Sect cH +NH, 


O- 
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THE CHEMICAL BOND IN CRYSTALS 


CRYSTAL STRUCTURE OF THE ELEMENTS 


A CRYSTAL consists of an ordered three dimensional array of atoms, 
molecules or ions, which undergo only slight fluctuations from their mean 
position. The importance of studies of the crystalline state lies in the fact 
that these investigations lead to information on the spatial arrangement 
of the elementary particles forming the crystal, the nature of these particles, 
i.e. whether they are atoms, molecules or ions, the type of force or bond 
existing between the particles and the relationship between the structure 
of the crystal and its physical and chemical properties. The spatial con- 
figuration of the elementary particles forming the crystal may be determined 
by x-ray analysis. The particles are found to be arranged in simple 
structural units whose repetition throughout the whole crystal forms the 
macroscopic solid. 

The close packing of equivalent spheres— The atoms of the elements may be 
regarded as spheres and we should expect that their crystals would be formed 
by packing the spheres on top of each other in the closest possible way. 
This is what actually occurs. There are, however, two possible ways of 
arranging equivalent spheres so that the interstitial space is as small as 
possible, one with cubic and one with hexagonal symmetry. There is only 
one way of arranging the spheres as close as possible in a single layer, i.e. 
when each sphere is surrounded by six others (Figure 47). In the layer 
around each sphere are six interstitial spaces or holes formed by three 
spheres in contact. A second layer may be superimposed on the first layer 
in only one way, by placing each sphere of the second layer in contact 
with three spheres of the lower layer. By this means, one half of the holes 
are covered by spheres of the second layer (Figure 47). The third layer 
can now be added in one of two possible ways, either with spheres 
directly above those of the first layer, or over the holes of the first layer 


<@8); 
» TIT 
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cee). 
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Figure 47. Close packing of Figure 48. Hexagonal (a) and cubic (b) close 
spheres 


Ub 


a 


packing of spheres 


not covered by the second layer. The first structure, which has hexagonal 

symmetry, is termed hexagonal close packing (Figure 48a) and the second 

structure with cubic symmetry is termed cubic close packing (Figure 48b). 
A convenient method of describing these structures uses the symbols 
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A, B and C to represent the three layers of close packed spheres which 
differ from one another in their relative positions. Thus hexagonal close 
packing follows the sequence ABABAB...... (or BCBC...... , or ACAC...... ) 
and the cubic close packing the order ABCABC...... (or CABCAB...... , or 
BCABCA...... ). In both types of close packed structures, each sphere is 
in contact with twelve other spheres. This number is generally referred 
to as the coordination number. Six of these spheres lie in the same layer 
in the form of a hexagon, and the other six are located three above and 
three below in the form of two triangles. In hexagonal close packing, the 
upper triangle has the same configuration as the lower and in cubic close 
packing it has been rotated through 60°. 

The cubic close packed structure may also be represented as a face 
centred cubic structure in which eight spheres are located at the centres of 
the faces (Figure 49). The relationship between this representation of the 
cubic close packed structure and that given in Figure 48b, is that the plane 
111, which cuts the cube in Figure 49, represents a layer of spheres in 
Figure 48a. 


Figure 49. Face-centred cubic Figure 50. Body-centred 
lattice cubic lattice 


In addition to the close packed structures, other more open structures 
exist. The most important of these are the body centred cubic and the 
diamond, or zinc blende, structures. In the former structure, eight spheres 
are arranged at the corners of a cube and a ninth sphere at the centre of 
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Figure 51. Tetrahedral lattice Figure ve Diamond 
allice 


the cube (Figure 50). The central sphere is thus surrounded by only eight 
nearest neighbours (coordination number eight) ; in addition to these 
eight neighbours, six more (at the centres of the six adjacent cubes) are 
found at a distance only about 15 per cent greater. The effective co- 
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ordination number 1s therefore sometimes considered to be fourteen. The 
diamond (zinc blende) lattice is obtained by removing four of the spheres 
from alternate corners of the body centred cubic lattice (Figures 51 and 52), 
leaving a central sphere surrounded tetrahedrally by four others. The 
coordination number is thus four. 

Even in the close packed 


structures, a considerable Tete CXXXVII  Reletice Voleones eccupisd by Spheres and 


part of the total volume Interstitial Holes in different Close Packed Structures 
remains unfilled, since : 

between the spheres there Volum | Volume 
are holes of considerable ordination occupied | not occubied 
volume. This volume is Totes of packing nacrber by spheres | by spheres 
greater in the body centred ESM (er eeet 


cubic structure and in the ¢,, packed 


- P 12 74°05 25°95 
diamond lattice. The Body centred cubic 8 ba-o> ares 
relauve volumes occupied Cubic 6 52°36; 47-64 
by the spheres and by the Jé#rateeral + 340 | Oo 


interstitial space are given 
in Table CVX XVII. 

The crystal structure of the elements is given in Table CXXXVIIJ in which 
the type of structure is indicated in the following way: Ar: cubic close 
packed (face centred), A2: body centred cubic, A3: hexagonal close 
packed and A4: diamond. The interatomic distances and the number of 
atoms at that distance are also given. 

The crystal structure of the non-metals— The atoms of the inert gases are 
spherical and we should naturally expect them to exist in a close packed 
structure in the solid state. This does in fact, occur and of the two alter- 
native close packed structures the inert gases choose the cubic close packed. 
The only forces which exist between the atoms are van der Waal’s forces 
and in view of the absence of a permanent dipole moment, these will be 
dispersion forces. 

The molecules N, and O,, although far from spherical, crystallize 
approximately in a close packed form. Each atom has one nearest neigh- 
bour to which it is bound covalently and the molecules will be bound 
together by dispersion forces. The lattices of the halogens have a similar 
structure except that in the case of iodine, the high polarizability of the 
molecule produces a high dispersion attraction, with the result that iodine 
exists as a solid at room temperature when other molecules, ¢.g. Cl,, F;, 
O,, No, ef¢ which in the crystal are held together by weak dispersion 
forces, exist in the gaseous form. 

In the crystal lattice of diamond, each atom of carbon is surrounded 
tetrahedrally by four other atoms to which the central atom is bound by 
four o bonds. Each crystal is thus a large single molecule in which every 
atom is joined to four others by homopolar bonds. The bond between 
the carbon atoms is almost identical in properties with that of the single C—C 
bond in hydrocarbons, thus the interatomic distance in diamond is 1-54 A 
and the value of the dielectric constant, 5°3, leads to a value for the 
polarizability of the bond of 1 cc, which is only slightly less than the value 
for the C—C bond in hydrocarbons. 

The x-ray investigation of diamond using the methods of Fourier analysis 
enables the variation of the electron density in the vicinity of the carbon 
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Table CXXXVIII. Crystal Structure of the Elements 
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atoms to be determined. The 
electron density diagram is 
shown in Figure 53, in which 
the contours connect points 
of equal intensity and the 
figures refer to the number of 
electrons per 1 sq A. Between 
\J the atoms, ‘electron bridges’ 
exist which show that the 
electrons are not localized on 
particular atoms, but are ex- 
changed between them. This 
| electron exchange is a char- 
acteristic of the homopolar 
bond and the fact that the 
electron bridges are directed 
along the line joining two 
atoms is direct corrobora- 
tion of the localization of 
electrons in a o bond. 

In the diamond lattice, even when it is assumed that the atoms are in 
contact, the proportion of the available space occupied by the atoms is 
only 34 per cent. From this point of view the diamond lattice might 
appear unstable. It is, however, extremely stable as shown by the physical 
properties of diamond and this stability is due to the fact that the forces 
acting between the atoms are homopolar valency forces. Any attempt to 
increase the coordination number would involve the deformation of valency 
angles which would be accompanied by a considerable loss of energy. 
Thus in crystals formed from atoms joined by homopolar bonds, the co- 
ordination number is determined by the valency of the atom. Such crystals 
will therefore be characterized by a small coordination number. 

Another form of crystalline carbon, graphite, has a layer lattice (Figure 54). 
Each layer represents a two dimensional crystal formed from condensed 
benzene rings. Each carbon atom forms three o bonds, by means of three 
sp? hybrid orbitals, which are in one plane at an angle of 120° to each 
other. The fourth electron of the carbon atom is located in a # orbital 
forming a figure of eight perpendicular to the layer. This electron will 
participate in a 7 bond with the three 
adjacent carbon atoms, with the result 


that each bond possesses one third <<a PR, Es SO 
double bond character in contrast to a eee 


benzene where the C—C bond possesses 

one half double bond character. The 

C—C distance in graphite (1-42 A) is 

thus somewhat greater than in benzene. Sea 2— Ain 
The non-localization of the + electrons, 
as described by the molecular orbital 
treatment, explains the high electricai 
conductivity of graphite. The various 
layers of graphite are held together by 
van der Waal’s forces, the distance Figure 54. Structure of graphite 
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Figure 53. Variation of electron density in the 
diamond lattice 
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between two adjacent layers being 3:45 A. The relative configuration of 
adjacent layers is generally considered to be that shown in Figure 54, in 
which the same configuration is repeated every two layers. Lipson and 
SToKEs!, however, have suggested on the basis of x-ray measurements 
that in about 10 per cent of the graphite the configuration is repeated 
every three layers. Boron nitride has a similar structure to graphite, 
being composed of six membered rings containing alternate boron and 
nitrogen atoms. In addition to the homopolar structure J, the ionic 
form //, containing tetravalent positively charged nitrogen and delocalized 
double bonds, will contribute to the resonance of the molecule. 


\ / 
B—N B-=N+* 
f N f 
N B—N +N B-—N+* 
NS. ae oS \ ‘\ 
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The heats of formation of diamond and graphite are very close, since 
although in diamond each atom has four o bonds and in graphite each 
atom forms only three o bonds and one weaker az bond, in the latter 
there is an increase of stability owing to resonance of a similar type to that 
occurring in benzene. 

The dispersion energy existing between the graphite layers is not great 
and calculation by formula 12.3 gives a value of only 1 to 2 kcals. 
Because of this weak attraction, it is possible for many different atoms or 
radicals to be taken up between the layers, thereby forming compounds 
or salts. In this process the graphite crystal retains its original form, 
except that an expansion occurs in a direction perpendicular to the layers. 

The action of strong oxidizing agents, such as nitric acid and potasstum 
chlorate. on graphite produce the so called graphitic oxide. During the 
course of the reaction, the graphite swells in one direction and the colour 
changes from black to green or brown according to the conditions and the 
electrical conductivity of graphite is lost. Measurement of the distance 
between the layers shows that in these compounds it has increased from 
3°45 A to a value between 6 and 11 A. It is clear that oxygen atoms have 
penetrated between the layers and formed bonds with the 7z electrons, the 
atoms being bonded to both sides of the same layer. The presence of 
the oxygen atoms renders the graphite hydrophilic and it may readily be 
dispersed in water to form a colloidal solution. The ratio of the number 
of carbon and oxygen atoms is not constant but varies between 2:9 and 

‘5 to I. 
: Graphite also absorbs molten potassium to form two compounds C,K 
and C,,K. The metal may be dissolved out of the graphite by mercury. 
Also known are the graphite salts formed by suspending graphite in con- 
centrated sulphuric acid to which a small quantity of an oxidizing agent 
has been added. The graphite develops a blue or purple colour and swells 
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owing to the absorption of HSO,- and SO,?- ions between the layers. 
Not every layer takes part in the absorption process and various structures 
in which every second, fourth or sixteenth layer absorbs the ions have 
been proposed. Graphite also forms a compound with fluorine known as 
carbon monofluoride, in which the separation between the layers increases 
to 8:17 A. The conductivity is decreased to 10~5 times that of graphite. 

All forms of so-called amorphous carbon are graphitic in character 
being formed of microcrystals having a graphite structure. The number 
of regularly arranged laminations and the extent of the layers varies from 
one form to another. In lamp black, the layers are approximately 40 to 
50 A in diameter and the crystals 10 A thick. This corresponds to about 
two or three layers each containing about one hundred rings. 

In the crystals of the elements of the fourth to seventh groups of the 
periodic table the number of nearest neighbours corresponds to the number 
of homopolar valencies. This behaviour was first realized by HuME- 
ROTHERY who established the empirical law that the coordination number 
equals 8 — N, where N is the number of the periodic group of the element. 
The halogens form molecules of formula Hal, which are close packed in 
the crystal. In solid selenium the selenium atoms form spiral chains in 
which each atom is joined by two homopolar bonds to two other selenium 
atoms. The chains, like the layers of graphite, are held together by van 
der Waal’s forces and possibly by weak forces similar to those occurring in 
metals. Rhombic sulphur consists of cyclic S, molecules in which the rings 
are puckered, each sulphur atom forming two bonds with a bond length 
of 2-10 A. The distance between the atoms in the different rings which are 
held together by van der Waal’s forces, is 3:3 A. At 119° C rhombic sulphur 
melts to give a transparent liquid which on heating to 200° C changes to a 
red viscous modification in which it is believed that the S, rings have been 
broken, thus forming S, chains. The unstable modification, known as 
plastic sulphur, also consists of chains of sulphur atoms. For the group VI 
elements other than oxygen, which is an exception to the 8 — N rule, the 
ratio of the distance between corresponding atoms of different molecules 
to the interatomic bond distance is 1°56 for sulphur, 1-48 for selenium and 
1-21 for tellurium. 

In group V, the 8 — N rule requires an element to have three nearest 
neighbours. ‘Thus four atoms form a tetrahedral structure, with an atom 
at each corner and in which the bond angles are not distorted far from 
the theoretical 90° for the bonds involving # electrons. Two types of 
tetrahedral structure are possible, either an infinite layer in which the 
atoms lie in two parallel planes so that each forms three pyramidal bonds 
with its nearest neighbours, or a tetrahedral molecule. Arsenic, antimony 
and bismuth generally form the layer structure, although the very unstable 
yellow forms of arsenic and antimony are believed to contain tetrahedral 
molecules. Phosphorus forms tetrahedral P, molecules in the white modi- 
fication and layer molecules in the black modification. The ratios of the 
longer interatomic distances between the tetrahedral or layer molecules and 
the bond distances are : phosphorus, 1-76 ; arsenic, 1:25 ; antimony, 1°17 ; 
bismuth, 1:12. This sequence is in agreement with the increase of polarity 
and of metallic character, with increase of atomic number. 

In group IV the formation of four tetrahedral bonds results in a three 
dimensional complex extending throughout the crystal. This occurs in 
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all the elements of this 
group (carbon, silicon, 
germanium and tin) with 
the exception of lead. 
Carbon and tin form two 
other modifications, gra- 
phite and white tin res- 
pectively. We have 
already considered the 
structure of graphite ; 
white tin possesses a 
deformed octahedral 
structure. 

Nitrogen and oxygen do 
not obey Hume-Rothery’s 
rule, since in both cases 
there 1s only one nearest 
neighbour and not 8 —N. 
This is evidently due to 
the fact that the bonds 
in O, and N, are more 
stable than two single 
O—O bonds and three 
single N—N _ bonds res- 
pectively. 

In the first and second 
groups of the _ periodic 
table the 8 — N rule does 
not give the number of 
possible covalent bonds, 
furthermore the elements 
of these groups, together 
with those of the transition 
groups do not form homo- 
polar or ionic bonds but 
a metallic bond possessing 
definite characteristics. 

The structure of metallic 
crystals— Of the charac- 
teristic properties of 
metals which distinguish 
them from non-metals, 
the high thermal and 
electrical conductivities 
are perhaps the most sig- 
nificant. We shall, how- 
ever, be concerned here 
mainly with the problem 
of the nature of the bond 
between two atoms in 
metallic crystals and we 
must refer those who are 
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Figure 55. Interatomic distances in metallic crystals 
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interested in the extensions of the theory to account for the thermal and 
electrical properties of metals to the various monographs which deal with 
these problems?. 

With only a few exceptions all the metals whose crystal structure is 
known have a structure which is either hexagonal close packed, cubic close 
packed or body centred cubic. A number of metals e.g. caesium, which 
crystallize under ordinary conditions with a body centred cubic structure, 
at high pressures (22,000 kg/sq cm) change to a close packed modification’. 
The exceptions are zinc, cadmium, mercury, aluminium, gallium, indium, 
thallium, lead and manganese. Zinc and cadmium crystallize with a 
distorted form of hexagonal close packing, in which there are two groups 
of six nearest neighbours at slightly different distances from the central 
atom. Crystalline mercury has a distorted simple cubic lattice (rhombo- 
hedral) in which each atom has six nearest neighbours and gallium 
crystallizes in a very complex structure in which an atom has the following 
group of neighbours: one at 2:44 A, two at 2-70A, two at 2-73 A and 
two at 2-79 A. Aluminium, indium, thallium and lead crystallize with 
approximately close packed structures in which the interatomic distance is 
rather larger than would be expected from a comparison with the values 
of neighbouring elements. It is interesting to note that all these elements 
possessing distorted close packed structures have lower melting points than 
expected by comparison with neighbouring elements in the periodic classi- 
fication. Manganese may crystallize in one of three complex structures 
unrelated to other forms. 

The variation of the interatomic distance in crystals of the elements is 
shown in Figure 55. A marked periodicity is observed, the values being 
greatest in the case of the alkali metals and least with the middle members 


Table CXXXIX. Heats of Sublimation of Metals (kcals) 
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of a long period. Thus in the first long period the largest value occurs 
with potassium. On increasing the atomic number the interatomic distance 
decreases to about the seventh element, manganese, then remains constant 
to the eleventh element, copper, and then increases up to selenium. 
PAULING relates this variation with the possible number of unpaired 
electrons. In the long periods the s, and d orbitals are being filled 
(g orbitals in all) and hence the maximum number of unpaired electrons 
may equal g. In the first part of the period the number of unpaired 
electrons may increase and during the latter part decrease. 

The values for the heats of sublimation of metals given in Table CXXXIX 
although only approximate, bring out some important relationships. In 
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the same period, the value of the heat of sublimation increases with in- 
creasing number of valency electrons, e.g. Na, 25-9 kcals ; Mg, 36-3 kcals ; 
Al, 55 kcals. The effect of completely filled d orbitals on the heat of 
sublimation is shown by comparing the values for the alkali metals, viz, 
K, 20 kcals ; Rb, 19 kcals and Cs, 19 kcals, with Cu, 81 kcals ; Ag, 68 kcals 
and Au, 92 kcals respectively. These data confirm the suggestion made 
above, based on the variation of the atomic distance with atomic number, 
that the d electrons take part in the interatomic bond. The effect of the 
d electrons is also shown by the high values of the heat of sublimation of 
all the transition elements, the values being particularly high for platinum 
(127 kcals), molybdenum (160kcals) and tungsten (21okcals). The 
relatively low values for zinc, cadmium and mercury are presumably 
related to their distorted close packed lattices. 

The electrical properties of metals require that a metal should contain 
free electrons and the spectroscopic properties indicate that the number of 
free electrons should be comparable with the number of atoms present. The 
latter requirement is based on the fact that the second ionization potential 
of an element is generally very much greater than the first, e.g. for sodium, 
the values are 118 and 1,084 kcals respectively. The density of the electron 
cloud of an isolated atom, as shown in Chapter 1, increases at first with 
increasing distance from the nucleus, passes through a maximum and then 
rapidly falls to a low value and approaches zero at infinite distance. In 
the metallic state, however, the density of the electron cloud does not fall 
to zero, but falls to a constant value in the space between the ions. This 
permits the metal to be regarded as a close packed structure of positively 
charged ions existing in an electron cloud of fluctuating density. Such a 
general qualitative picture of the struc- 
ture of a metal is supported by the x-ray 
data for the variation of the electron 
density in magnesium. The method of 
Fourier analysis applied to the x-ray data 
for magnesium gives the curve shown in 
Figure 56 for the variation of the electron 
density between the magnesium ions. Interotorme Distance 8 

As in a simple molecule, the electronic Figure 56. Variation of electron 
states in a metallic crystal must be defined pines ee hehe oi 
by molecular orbitals and not by refer- srry and B (by Four analyith) 
ence to the quantum levels originally _ 
occupied in the uncombined atoms. The single crystal is thus regarded as 
a very large molecule and the energy of the crystal will consist of the 
interaction energies of the electrons and nuclei, and of the kinetic energy 
of the electrons. The latter quantity can be obtained by considering the 
electrons located in a box of volume V, and assuming that the electrons 
move in a field of constant potential. We then obtain (see Chapter 18) 


ra (n,* eg Bde ns vs. (13.1) 


Electron Density 


& 


8m V2/8 


where h is Planck’s constant, m is the mass of the electron and 7, ng and 
n, are three quantum numbers which may have only positive integral 
values, i.e. 1, 2, 3.-.-etc. The energies of the possible electronic states are 
thus characterized by the squares of the three positive integers. Each 
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state, according to Pauli’s principle, may contain only two electrons, there- 
fore only two electrons occupy the lowest level when n,* = n,.* = ng? = 1, 
the next electron pair must occupy the next higher energy level and hence 
even at the absolute zero of temperature, the electrons will still possess 
kinetic energy. At the absolute zero the levels will be successively filled 
by electrons and the total kinetic energy will be a minimum ; if there are 
N electrons, then NV/2 states are filled. At higher temperatures, higher 
energy levels may be occupied by the electrons. The interval between 
successive energy levels is h?/8mV2/3 and since h is of the order of 107? 
erg sec and m is of the order of 10-3 gm, the interval between successive 
levels becomes appreciable only when V is of atomic dimensions. When 
V is large compared with atomic dimensions and the number of electrons 
is considerable e.g. 107, the energy levels are so close together that the 
uncertainty principle prevents us from assigning a particular electron to a 
particular state and the states may be regarded as forming a continuous 
series of energy levels, although it must be remembered that the Pauli 
exclusion principle still holds. 

In a real metallic crystal, however, the potential field is not constant 
but periodic and increases, as we have seen (Figure 56), to a maximum at 
each metal ion and falls to a minimum between the ions. The solution of 
the appropriate wave equation shows that the electrons cannot assume any 
value between zero and the maximum energy value, but that there are 
certain permitted zones of energy values between which there are dis- 
continuities or .bands of forbidden energies. Within the limits of any one 
zone the arrangement of the electronic energy levels does not differ sig- 
nificantly from that of the free electron in a constant potential field. 

In the alkali metals all the electrons may be accommodated within the 
limits of one zone. This may be shown by comparing the zone in a crystal 
with a particular atomic orbital. Ifthe interatomic distances in the crystal 
lattice are assumed to increase, but with the retention of the original 
symmetry, the zones become narrower and are finally reduced to atomic 
dimensions. The first zone in a crystal of sodium corresponds to the s 
orbital and will contain N energy levels, i.e. it can accommodate 2N 
electrons. But for these there are only MN electrons for which NV/2 levels 
are sufficient for their accommodation. Therefore one half of the levels of 
the first zone remain unoccupied. The differences in energy between 
the individual levels of the zone is not great and excitation of the 
electrons takes place easily ; in this fact lies the explanation of metallic 
properties. 

In other metals the situation may be more complex. Sometimes the 
first zone may be insufficient to accommodate all the electrons, or over- 
lapping of the zones may take place. In the former situation, the electrons 
are divided amongst zones separated by forbidden regions, and excitation 
as in the case of sodium cannot occur. This occurs in diamond where the 
zones Corresponding to the atomic orbitals of carbon are divided and the 
electrons are concentrated along lines joining neighbouring atoms, thus 
forming localized, homopolar bonds. 

In the analogues of carbon having higher atomic number, the s and p 
orbitals are more spread out and in consequence overlapping of zones 
occurs, causing the appearance of metallic properties. Thus there is a 
gradual transition of the bond type from the metallic to the homopolar. 
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For example, in bismuth, the electrons of each atom participating in 
homopolar bonds with its thrce nearest neighbours may be partially free 
and hence responsible for the metallic properties and for the bonds between 
the layers of covalently bonded atoms. 

The structure of alloys— \When two or more metals are melted togcther in 
suitable proportions a homogeneous solution often results. On cooling, the 
homogeneous solid is termed a solid solution, since as in a liquid solution, 
the atoms are distributed in a random fashion. If the structure of the 
solid solution is identical with that of one of the components (the solvent) 
the solution 1s termed a primary or a solid solution. Primary solid solutions 
are of two types: interstitial solid solutions, in which the atoms of the 
dissolved substance are situated in the holes between the atoms of the 
solvent and substitution solid solutions in which the solute atoms have 
taken the place of solvent atoms in the lattice of the latter. 

In a close packed array of atoms, two kinds of holes are formed between 
the spheres. The first is formed by four spheres in contact and a solute 
atom placed in such a hole will have four nearest neighbours arranged 
tetrahedrally around it. Such holes are generally referred to as tetrahedral 
holes. The second is formed by six spheres in contact, and a solute atom 
placed at the centre would have six nearest neighbours forming an octahedral 
group around it, and the holes are therefore referred to as octahedral holes. 
Clearly there is an upper limit to the size of atoms that can be accom- 
modated in such holes and taking the radius of the closc packed atoms as 
unity, the maximum radii are 0-41 for an atom in a tetrahedral hole and 
0°59 in an octahedral hole. Solid solutions in which the maximum radius 
is exceeded, with resulting deformation of the original lattice, are known, 
but the divergence from the theoretical radius is generally not very great ; 
e.g. for carbon dissolved in iron the ratio is 0-63. 

Interstitial solid solutions are only formed between the non-metals 
possessing small atoms: hydrogen, boron, carbon and nitrogen, and the 
metals of the transition group. Other metals of the first and second groups 
generally tend to form with these non-metals, not interstitial solutions, but 
ionic lattices, e.g. calcium carbide. Since the total proportion of the 
volume occupied by the atoms, as represented by spheres of two sizes, has 
increased, the interstitial compounds are much harder and melt at much 
higher temperatures compared with the original metal. 

In a substitution solid solution two possibilities arise: the distribution 
of the atoms may be entirely random throughout the lattice, or at par- 
ticular ratios of the constituent atoms an ordered arrangement may exist 
in the crystal. Such a solid solution is termed a superlattice. 

A number of factors determine the formation of solid solutions : 

I The two substances must be chemically similar ; if they differ con- 
siderably in electronegativity, the tendency will be for the formation 
of compounds rather than solid solutions. 

2 The relative size of the atoms is important. According to HuME- 
RoTuery, Maszsotr and Evans®, a continuous series of solid solutions 
may be formed over the whole range of concentrations if the sizes of 
the atoms of the two metals do not differ by more than 15 per cent. 
The limiting value of this ratio is by no means definitely established 
and depends to some extent on other factors such as the coordination 
number. 
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3 The mutual solubilities of metals are not reciprocal. A metal of low 
valency is more likely to dissolve one of higher valency than vice versa. 
For example, in the solid solutions of copper and silicon, a silicon 
atom may replace four copper atoms in the copper lattice, but a copper 
atom, with only a single valency electron, cannot replace a silicon 
atom which is linked tetrahedrally with four other silicon atoms. 
Hence the solubility of silicon in copper is 14 per cent but that of 
copper in silicon only 2 per cent. In a similar way tin dissolves only 
1 per cent of silver whereas silver can dissolve up to 12:2 per cent 


of tin. 


When the a phase, i.e. the primary solid solution, has only a limited 
range of stability, other intermediate phases are formed. At particular 
concentrations of the second component a transformation from one crystal 
structure to another takes place. Ina large number of binary systems, ¢.g. 
Cu-Au, Cu-Al, Cu-Sn, a transition from the cubic close packed structure 
of copper to a body centred cubic structure (8 phase) occurs at a particular 
concentration. The f phase is stable over a particular range of concen- 
tration and at higher concentrations is generally converted to the y-phase 
which has a complex structure, followed by the « and 7 phases which are 


Table CXL. Ratio of Number of Valency Electrons 


to Number of Atoms 


B Phase 


CuZn, CuBe, AgZn, AgCd 
AgMg, AuZn 


Ag,Al, Cu,Al 
Cu,Sn 


_ Phase 
Cu,Zn,, Cu,;Cd,, AgsZn,, Au,Zn, 


Cu,Al,, Cu,Ga,, Ag,Al, 
Cu,,Sng, Ags,Sn, 


Fe,Zn.;, PtsZn,,, NigZn,, 
e Phase 


CuZn,, CuCd,, AgZn,, AgCd, 
AuZn 8) AuCds, CuBe,, AuHg, 


Cu,5n, Cu,Ge 


Ag,Al,, Au,Al; 


hexagonal close packed 
structures. Each phase 
has a definite range of 
stability and Hume- 
Rothery obtained empiri- 
cal rules connecting the 
composition of the phases 
with the ratio of the num- 
ber of valency electrons 
N to the number of 
atoms WNV,. In order to 
obtain these values it was 
found necessary to consider 
that the number of valency 
electrons of the elements 
iron, copper, nickel, ruthe- 
nium, rhenium, palladium, 
osmium, iridium and 
praseodymium was zero. 
The values of the ratio 
N/N, are given in Table 
CXL and it is evident that 
each particular phase co- 
incides with a particular 
ratio of the number of 
valency electrons to atoms, 
although the phase may be 
stable over a considerable 
range of concentration. 
An attempt at a 
theoretical approach to 
this problem has been made 
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by Mott and Jones®. It might be expected that the structure of a definite 
phase would be stable so long as all the electrons can be arranged in the 
energy levelsofa particular zone. When this zone has become fully occupied, 
the remaining electrons must occupy levels in a higher zone separated from 
the first by a forbidden region. On the basis of the assumption of a 
continuous sequence of levels in a field of constant potential, the energy of 
the highest occupied energy level is given by : 


E 2 3N 2/3 
= = 5-( 27) ‘ite (EBD) 


where WN is the number of electrons in volume V (for derivation see Chapter 
18). To each electron with a kinetic energy E = } mv?, there will corre- 
spond a wavelength given by : 


= h/mv = hj(2mE)12 ...- (13.3) 

If the electrons occupy all possible levels up to £,,,, then the minimum 
wave length will be : 

ata = 2(m/3)"8,(V/N) 4S (13-4) 


The greater the number of electrons WV, the greater will be the number of 
energy levels occupied and hence the larger the value of F,,,. From 
equation 13.4, however, the greater the value of NV, the smaller will be 
Agi, and it may become sufficiently small to satisfy Bragg’s law of reflexion, 

A = 2d sin 8 ewes. (19:5) 
where d represents the distance between the planes of the crystal and 6 
is the angle or reflexion. It is possible to show that if A satisfies this 
equation it corresponds to the upper limit of the filled zone and the 
electron may no longer enter the crystal, since if it did it would undergo 
total reflexion. If the energy of the electron were increased, however, 


(O/O) CH!) 


Figure 57. Distances between planes in a cubic crystal 


it would occupy a level in a higher zone. A structure in which the number 
of electrons is less than critical is stable, but the addition of electrons above 
the critical value produces an unstable condition which is compensated by 
a rearrangement of the structures with a different sequence of zones and 
another critical wavelength. The maximum value of the wavelength 
which will cause reflexion at a given distance between the planes is 
rit == 2d panes (13-6) 
For face centred cubic crystals the lattice planes (010), (110) and (111) 
are represented in Figure 57. The distance between the (111) planes is 
a/4/3, where a is the lattice constant given by: 
d= af(h? + k? + [12 
and h, k and I are the indices of the faces. From equation 13.6 the 
critical wavelength will be given by 
Na, = 2a/+/3 sowa(13.7) 
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In the unit cell of such a crystal with volume a® there are four atoms, so 
that 


a’ = 4V/N, » (13.8) 
where NV, is the number of atoms in the volume V. From equations 13.7 
and 13.8 we have 
2 fav\us 
hen = 5 (57 | .. +. (13.9) 


The dependence of A on the number of electrons is given by equation 
13.4 and on combining 13.4 with 13.9 we obtain the condition for reflexion 
of the electrons : 


2 (4V\7% 
1/3(V 1/j33— * aie «-- -(I2.10 
2(m/3)1/3(V/N) 3 Ga (13.10) 
From equation 13.10 it follows that the ratio of the number of electrons 
to the number of atoms at the critical state is 
NIN, = 17+/3/4 = 1-362 ... (13.11) 

Thus the a phase will become unstable when N/N, = 1-362 and this 
electronic concentration limits the region in which the structure of the 
solid solution can be identical with that of the solvent. The experimental 
values for N/N, at the limit of stability of the a phase for several systems 
is given in Table CXLI. For two metals with the same number of valency 
electrons N/V, — 1 at all concentrations of the components, so that there 
is no obstruction to the formation of a complete series of solid solutions. 

In the 8 phase, which has a body centred cubic structure, the planes 
which are the greatest distance apart are the (110) planes. For these 


Ney = 2alr/2 .. +. (13.12) 
In a unit cell there are two atoms, and making a similar calculation to that 
given above we obtain : 
N/N, = 17+/2/3 = 1-480 hive 1 Qk) 
The experimental values of V/N, for the B phase vary from 1-48 to 1-50 
with the exception of the Cu-Al alloy which gives 1-37. An analogous 
treatment for the y and e phases may be made, but 1s more complex. In 
these cases also the agreement between the theoretical values and the 
experimental data is good. The electron : atom ratio is not always correct, 
however, because other factors, such as the dimensions of the atoms and 
other energy relationships, may introduce complicating factors. 


MOLECULAR CRYSTALS 


The crystals of such inorganic substances as carbon dioxide and the hydrogen 
halides and of the majority of organic substances are composed of molecules 
bound together by van der Waal’s forces. Ifthe molecule has a relatively 
simple structure and only a small polarity, the heat of sublimation is found 
to be small and for such molecules, Lonpon’ has calculated the heats of sub- 
limation assuming that only dispersion forces are responsible for the inter- 
molecular attraction. The attraction energy is considered to be given by 
E = — C/r® where r is the distance between the molecules and C = } a*/ 
(see equation 12.3). In addition to non-polar or weakly polar molecules, 
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e.g. N,, CO, CH,, ete, London considered Table CXLI. Electron: Atom Ratios for 
2 4 Milde 
Maximum Solubility in a Phase 


also certain dipolar molecules, e.g. HCl, 
HBr, HI, etc ; disregard of the dipole- 
dipole forces in these cases was con- a-phase | N/Na || a-phase NIN 4s 
sidered justifiable since in the crystals —-——— ae 
such molecules are in a state of constant eA 1384 ie 425 
rotation so that the effect of the dipole is G,-Ga | | oes Ag-He oe 
considerably reduced. The various quan- Cu-Si 1-420 || Ag-In 1'40 
tities necessary for such calculations, to- 

gether with the calculated and experi- Gu-Ge | 1360 
mental values of the heats of sublimation 
are given in Table CXLII. The lack of 
agreement between the values is not sur- 
prising since repulsion, dipole and quadrupole forces were neglected’. Never- 
theless, it is seen that dispersion forces do give values for the heats of 
sublimation which are of the right order of magnitude. 


Table CXLII. Heats of Subl Calculated from D een er 
able : eats of Sublimation Calculated from Dispersion cyles possess greater 
Forces between Atoms and Molecules polarizabilities and the 


| dispersion forces between 
Heat of sublimation keats the molecules 7 the 


Ag-Ga 1-380 


| Ag-Al 1-408 
| Ag-Sn | 1-366 


i Tontzation — OS lo OOo ore eer 
Substance | Density | Potential | Polarizability| Theoretical | Experimentaloalue ¢ rysta l are greater. 
gm|ce keals ce extrapolated to 0° K Furth Ra S ‘hie : 
er POON (Salis ie Ape) Pena) Ee |S ee ALL SCAT a ; 
Ne 1°46 494 0°40 0°40 0°59 ° . 
ae 5 aGi 166 a6 Boe complicating factors 
Kr 32 32! | ao 3'10 ae may be introduced, such 
ne : 
: a ee : . as the existence of polar 
O 1°43 299 1°57 1°48 2° : : 
CO ne a ee kG ee groups which will pro- 
CH, 0°53 334 2°58 2°47 2°70 duce strong dipole- 
i aa ay we om ve dipole or dipole- 
ea pee eae ihe aa eee induced dipole forces, 
HI 3°5 292 5°4 7 6-21 and the distribution 
NO 1°58 235 1°76 2:04 4°29 
of the polar groups 


throughout the mole- 
cule. The latter factor is illustrated by the different heats of sublimation 
of the isomeric fumaric and maleic acids (Table CXLIII). The effect? 
of increasing size and polarity of the molecule on the heat of sublimation 
is shown in the Table CXLIII. 

As is to be expected from the difference in the nature of chemical and 
van der Waal’s forces, the distances between atoms ina molecule and between 
sic eae oe Table CXLIII. Heat of Sublimation of Organic Crystals 
crystal, differ consider- l i 


! 
ably. The bond length Heat of | Heat of 
between two atoms is a Substance ee 1 Substance a 
fairly constant quantity, Reis ! ie eee : 
differing only slightly Benzene .. 98 || o-Dinitrobenzene 20°7 
from one molecule to Nh shalt 159 || Denes 19°4 
2 enanthrene 20°! i inilrobenzene 21°2 
AMOUIGE: A LCHMOIECUS “pathracae | aes. * | eo Naamaline 23:6 
lar distances on the Diphenyl | 16+4 | Ramank aad 32°5 
other hand, in addition Benzoic acid 20:1 || AMaleic acid 26°3 
to being much greater 


309 


THE STRUCTURE OF MOLECULES 


(see Table CXLIV), are also more variable. For example, the distance 
apa adjacent carbon atoms in different molecules varies from 3:4 A 
to 41 A. 

The shape and size of a molecule are the factors which determine the 
form of the crystal lattice, and BERNAL has distinguished between five 
main classes of organic molecules : simple molecules, e.g. CH,, CO(NHg). ; 
molecules containing a long hydrocarbon chain, e.g. the higher paraffins 
and their derivatives ; molecules composed of planar rings, e.g. aromatic 
compounds ; complex molecules in three dimensions, ¢.g. the terpenes ; 
high polymeric compounds. 

In the methane 
crystal, the molecules 
are in constant rotation 
and therefore possess 
spherical symmetry. 
The crystal lattice of 


Table CXLIV. Interatomic Distances in One Molecule and 
Neighbouring Molecules in a Crystal 


Distance between atoms A 


Substance Within the molecule Between atoms in 


neighbouring molecules seamen aetna aas 
Se | be regarded as a close 
Ethane # a C—C, 1°54 C...C 3°64 k 5 f 
pee es - cae 1°34 eae 38 packe Structure oO 
examethyloenzene .. = 1°42 coe 3°69 . : 
Hex amethylenetetramine ee C...c 3°72 spheres with a radius of 
a 2:28 A. The cubic type 
m-Dimtrobenzene .. C...C 3°82 
Naphthalene Car—Car 1°41 G.-C ea 36 of close packed structure 
acene .. os r—C 1°41 sks 3°97 : 
Durene 1. 1. | Cay—Car qt | CH,...CH3 3:9 ganas and the 
istan atoms 
Dibenzyl i Wee: aus | CH cas : rs mie to _ 
ices sa So F38 Po ees 3°7 ol hydrogen oO! neigh- 
J ee a4 a ar 14 Beg 3°4 : : 
Nonacosaw.. .. | GO rss | CH,...CH, 26-3-9 bouring molecules is not 
Carbon dioxide = .. | C-O = 107 | O..-0 3-23 and3-45 less than 2°5A com-, 


pared with the inter- 

atomic distance in the 
molecule of 1-78 A. Carbon tetrabromide and carbon tetraiodide also 
give a cubic lattice and in the tetradiodides of both carbon and silicon 
the iodine atoms form an approximately face centred cubic lattice, the 
distance between the atoms of iodine in different molecules being only 
slightly greater than the distance in one molecule, the dispersion forces 
between the readily polarizable iodine atoms being responsible for the 
compact structure. The crystal of ethane may be regarded as a close 
packed system of ellipsoids, formed as a result of the rotation of the 
H,C—CH, molecules. 

Molecules containing a long hydrocarbon chain are arranged in the 
crystal so that the chains are parallel, the chains themselves being close 
packed ; in such an arrangement the dispersion interaction between the 
molecules is ata maximum. As the hydrocarbon chain length is increased, 
the number of bonds per molecule taking part in dispersion interaction 
with the neighbouring molecules is increased and it is consequently more 
difficult to separate the molecules. Heats and temperatures of melting 
and sublimation therefore increase with increasing chain length. 

Where one end of the molecule is polar and the other end non-polar, 
as in the mono-carboxylic acids, it is possible to distinguish between two 
types of intermolecular bonding, produced either by the interaction of 
the polar groups, which will be caused by van der Waal’s forces of the 
dipole-dipole type, and in carboxyl and certain other groups by hydrogen 
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bonding, or by dispersion interaction of the non-polar hydrocarbon chains. 
The structure in the lattice of a carboxylic acid will therefore be : 


—CH,—CH, CH,—CH, eocne CH,—C CH, eceee CH a—CH, CH,—CH 27 


Molecules will always tend to become arranged in that position which 
permits maximum bonding, whether this be due to dispersion forces, 
dipole forces or hydrogen bonding. For example, the molecules of urea in 
the crystal are arranged so that each — NH, group 1s surrounded by the 
atoms of oxygen of the neighbouring molecules. The O---- H—N distance 
is between 2-98 and 3:03 A. 

Ice— The formation of hydrogen bonds between the oxygen atoms of the 
H,O molecule plays a significant part in the structure of the ice crystal. 
The molecules are arranged so that the oxygen atom of a given molecule is 
linked by hydrogen bonds to the oxygen atom of two other molecules, 
whilst both hydrogen atoms of the given molecule form, in turn, hydrogen 
bonds with the atom of oxygen of two other neighbouring molecules : 


O fe 


‘H H 
NX 7 
O 


H HOCH H 
\ 7 XN. 
O O 


Each oxygen atom is therefore surrounded tetrahedrally by four other 
oxygen atoms and it takes part in two homopolar and two hydrogen bonds ; 
the distance between the oxygen atoms is 2-76 A. The structure is very 
similar in general configuration to one of the forms of the SiO, lattice. 

The lattice obtained by arranging the water molecules in this way is an 
open network with considerable space between the molecules. The crystal 
could be constructed in a much more compact manner by arranging the 
separate molecules in one of the close packed structures, thus surrounding 
each molecule by twelve others. Such a structure, composed of spheres 
2°76 A in diameter, would have a molecular volume of 9 cc, compared 
with the actual value for ice of 19:6cc. In the close packed structure, 
although the dispersion forces between the molecules would be increased, 
the gain of energy would not offset the loss of energy due to the breaking 
of the hydrogen bonds since with the close packed structure it is impossible 
to achieve the most favourable mutual orientation of all the polar OH 
groups of the molecules. 

The x-ray investigation of water shows that the tetrahedral lattice 
present in ice is preserved to a considerable extent in the liquid state. 
The intermolecular distances, however, are not constant, indicating that 
the intermolecular bonds in the liquid state are less strong than in the 
solid state, thus permitting movement of the molecules, 1.e. free diffusion, 
to occur. The molecular volume of liquid water is 18 cc. The decrease of 
the value compared with that of ice is evidently due to the partial destruction 
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of the open lattice of ice, thereby permitting single molecules to occupy the 
spaces in the lattice. This tendency to form the close packed structure, 
however, is not great, as is shown by a comparison of the values for the 
molecular volume : water, 18 cc ; ice, 19°6 cc ; close packed structure Q cc. 
Furthermore, the heat absorbed on melting is only 1-44 kcals/gm mol, 
whereas that absorbed on sublimation, when all the intermolecular bonds 
are broken is 12-2 kcals/gm mol. 

From the foregoing discussion, it is apparent that water may be regarded 
as very similar in structure to ice, the crystal lattice being somewhat dis- 
rupted. This introduces an important generalization, first suggested by 
Desye, that from the point of view of structure and of properties, liquids 
are much closer to solids than to gases. On increasing the temperature, 
thermal motion of the molecules will decrease their orientation and the 
bond between the molecules is therefore weakened. This will tend to 
produce an increased molecular volume, but since this process also produces 
single molecules which may occupy the holes in the lattice and thus de- 
crease the volume, we have two opposing effects. It is these two effects 
which are responsible for the maximum density of water occurring at 4°C. 


COORDINATION LATTICES 


The majority of inorganic compounds form a coordination lattice in the 
crystalline state. In such a lattice each atom or ion is surrounded by a 
particular number of nearest neighbours, corresponding to its coordination 
number. The bonding forces between the atoms or ions are covalent 
and electrostatic respectively and it is an important feature of these com- 
pounds that a simple molecule, corresponding to the ratio of the various 
atoms and ions in the compound does not exist, the whole crystal being a 
single molecule. 

A very large number of inorganic compounds crystallize in a relatively 
small number of simple lattice forms which we shall 
now describe briefly. 

The sodium chloride lattice is a simple cubic lattice 
in which the sodium and chloride ions are located at 
the alternate corners of a cube (Figure 58). Each 
sodium ion is thus surrounded by six chloride ions 
and each chloride ion by six sodium ions. 

Caestum chloride crystallizes in a body centred cubic 
lattice, the coordination number of both the caesium 
and the chloride ions being eight. The caesium 
chloride lattice may be regarded as two simple cubic 

Figure 8: Sodium systems, one of caesium ions and one of chloride ions, 
chicvide lattice placed so as to interlace with each other. 

The zinc blende structure of zinc sulphide is a dia- 
mond lattice in which zinc and sulphur atoms alternate, the coordination 
number of both zinc and sulphur is four. 

The wurtzite structure of zinc sulphide and of zincite, ZnO, is also a 
tetrahedral structure (Figure 59) and the coordination number of both 
elements is four ; the difference between the wurtzite and the zinc blende 
structures is that in the latter the atoms of the various layers are located 
above each other, whereas in the diamond (zinc blende) structure, the 
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@ Zn OSs @ Ca OF 
Figure 59. Wurtzite lastice Iigure 60. Fluorite lattuwe 


tetrahedra are displaced so that the holes of one layer are occupied by an 
atom in the adjacent layer. 

The fluorite (CaF) lattice is closely related to the body centred cubic 
structure of caestum chloride. Since the calcium carries a double positive 
charge, there are only half the number of calcium ions compared with 
fluoride ions. If we remove every other ion from the body centred cubic 
structure we obtain the fluorite lattice (Figure 60) in which every Ca?t 
ion is surrounded by eight F~- ions and every F- ion surrounded by four 
Ca?+ ions. 

The rutile (TiOQ.) lattice is somewhat more complex. The titanium atoms 
(black circles in Figure 6r) are located at the apices and at the centre of a 
right angled parallelepiped. Two atoms of oxygen (open circles, Figure 61) 
lie along the diagonal of the upper face and two on the diagonal of the 
lower face. The numbers given refer only to the atoms of oxygen within 
the unit cell ; in Figure 61 some of the oxygen atoms lying in adjacent crystal 


@ Ti foe) 


@ Cu (one) 
Figure 61. Lattice of Rutile TiO, Figure 62. Cuprite lattics 


cells are also shown. A further two oxygen atoms lie in the plane of the 
central titanium atom. Each atom of titanium is thus surrounded by six 
atoms of oxygen and each oxygen atom by three atoms of titanium. This 
lattice may be regarded as a transitional type between the ionic and the 
molecular in that it is possible to distinguish molecules of TiO». 

The cuprite (Cu,O) lattice is shown in Figure 62 and consists of a body 
centred cubic arrangement of oxygen atoms. If this cube is divided into 
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eight smaller cubes and at the centre of each alternate small cube is placed 
a copper atom, we obtain the cuprite structure. The copper atoms thus 
form a tetrahedron within the body centred cubic structure of oxygen 
atoms. Each oxygen atom ts thus surrounded tetrahedrally by four copper 
atoms and each copper atom is located between two oxygen atoms, the 
three atoms being linear. 

Silica (SiO,) forms six different structures, a and f quartz, a and 8 
tridymite and a and f cristobalite. The tridymite structure is analogous 
to the zinc blende and cristobalite to the wurtzite structure of zinc sulphide 
each oxygen atom being located linearly between two atoms of silicon. 
The exact details of these structures have not, however, been worked out 
and the nature of the a to § transition is not known. The structure of 
a and f quartz which is more common than the other two forms is also 
not known with certainty ; the Si—~O—Si angle, however, is not 180°. 

The cadmium iodide lattice is shown in Figure 63 and is an example of a 
layer lattice. Each plane consists of a cubic close packed structure con- 
sisting of three layers only of cadmium and iodine atoms. The cadmium 
atoms form the central layer and in the unit cell (figure 63) the close 
packed elementary layer of seven cadmium atoms has two groups of three 


Cl- Nat 
Figure 64. Sodium chloride ion pair 


Cl- No* 


Cl~ 


¢ 
. ° 


@ Cd Ol CC "Not 


Figure 63. Cadmium iodide Figure 65. Four sodium chloride ion pairs forming a cube 
lattice 


iodine atoms arranged as a triangle above and below. The mutual 
orientation of the two triangles is such that the holes not filled by one 
layer are filled by the other (the configuration, according to Figure 48, 
is CAB). Each cadmium atom is thus surrounded by six iodine atoms, 
three above and three below, and by six other cadmium atoms. The 
various planes of cadmium and iodine atoms are placed one on top of the 
other to form a layer lattice. 

Of the various lattices considered above, in those of NaCl, CsCl, CaF, 
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ZnS, SiO, and CdI, the division of the crystal into single molecules is 
impossible. Only in TiO, is there a suggestion of a molecular unit. Such 
formulae as NaCl, CsCl ete thus represent the ratio of the different species 
of atoms or ions present in the crystal and not the formula of a single 
molecule. We must now consider the nature of the forces producing the 
various crystal structures. 


IONIC CRYSTALS 


The crystal of sodium chloride consists of an ordered array of Nat ions and 
Cl- ions which are held in a stable configuration by the Coulomb forces 
acting between the ions. In the gaseous state, where the NaCl ion-pair 
(molecule) has a separate existence, the force between the ions is — e?/r. 
Unlike homopolar forces, electrostatic forces do not show saturation and 
electrostatic interaction will occur with all the neighbouring ions, so that 
when two NaC! ion pairs are brought together to form a rectangle, as 
shown in Figure 64, the energy of attraction will be the sum of the various 
attraction energies between ions of different charge and the repulsion 
energies of ions of like charge, 1.e. 


== — 4e2/p 4 Qe2ra/2 = — 2-57e2%/r = — 1-285. 2€2/r 
This value is greater than the sum of the energies of the two ion-pairs 
taken individually, viz — 2e?/r, and hence the rectangular configuration is 


the more stable. If four molecules are arranged in the form of a cube 
(Figure 65) the total interaction energy becomes 
E = — l2e?/r — 4e?/r4/3 + 12e?/r4/2 = — 5-8e?/r = — 1-45 x 4e?/r 

which is to be compared with 
the value — 4e?/r, the sum of 
the ionic attraction in four 
separate ion-pairs. We see, 
therefore, that the union of ions 
into large aggregates brings 
about a gain of energy which 
is of the same order of magni- 
tude as a single ionic bond. 
Thus on bringing two ion-pairs 
together, the increase in energy 
over 2¢2/r is 28 per cent, for four 
molecules the gain over the 
value of 4e?/r is 45 per cent, and 
in the limiting case for an infi- 
nite crystal the gain in energy is 
75 per cent. These figures are 
based on the assumption that 
the interionic distance in the 
crystal is the same as in the lone 
ion-pair. This is not so and as 
will be shown later the equili- 


brium interionic distance in the oO! bjs OR og iton OF oy"! 
crystal is 13 per cent greater zb9 “~*’ 2 

than in the gaseous molecule. Figure 66. Variation of electron density in sodium 
The gain in energy of the chloride lattice 
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infinite lattice is therefore somewhat less than 75 per cent. This gain in 
energy is indicated by the stability of ionic lattices and their large heats 
of sublimation e.g. for NaCl, 55 kcals/gm mol. 

When two sodium chloride molecules are arranged as shown in Figure 64, 
the weight of the ionic state in each molecule will be increased, since this 
will cause a further gain of electrostatic energy. The crystals of salts 
similar to sodium chloride, though not necessarily of the same crystal 
structure, will thus consist almost entirely of ions. ‘This picture is con- 
firmed by x-ray data, which shows (Figure 66) that the electron cloud 1s 
concentrated on the ionic centres and rapidly decreases with increase of 
distance. Between the ions the density falls to zero. From the x-ray data 
the number of electrons centred on each atom may be obtained and for the 
NaC] crystal the values are found to be sodium 9-98 and chlorine 17°72, 
which closely correspond to the theoretical figures of 10 and 18 for Nat 
and Cl~ respectively. In the liquid state and in solution these substances 
have high conductivity owing to the existence and freedom of motion of 
the ions. 

The electronic energy of the ionic crystal may be obtained from the 
sum of the energies of all possible pairs of ions of like and unlike charge : 


2 
E= > he w+ (13.14) 
Ti 
where 2, and z, represent the charges on two ions i and k, and 7, represents 
the interionic distances. Each value of ry, may be expressed in terms of r, 
the shortest distance between two ions of unlike charge in the crystal. We 
can then write equation 13.14, for 1 gm mol of a crystal, in the form : 


E = — NAe?/r .... (13.15) 


where NW is the Avagadro number and A is Madelung’s constant. Different 
methods exist for the calculation of Madelung’s constant and these have 
been described by SHERMAN!® and FRENKEL}. Values for Madelung’s 
constant for different types of crystal, calculated on the basis of 1 gm mol 
are given in Table CXLV. 

In addition to the 
Table CXLV. Values of Madelung’s Constant for Various Crystals attraction and repulsion 
Se Between: the 10ns<as €x- 


Crystal structure | Coordination number | Madelung’s constant pressed by the function 


— Ae?/r, repulsion forces 
Sodium eles ae Cre 174450 also arise between the 
Caesium ¢ 176267 
Zincblende .. Zn 4 S 4 1-63806 filled electron shells of 
Wurtztte ae Zn 4 S 4 1-641 the ions. These forces 

fall off very rapidly with 
Fluorite Cag F 4 5.03878 increasing distance from 
oa tie 7 a 6 5 7 ane the ion and are some- 
uilte.. ee Ol . 
f-Quartzg .. Si 4 O : ees times represented by the 


expression B/r", where n 
is sufficiently large to 
produce a considerable decrease of the function as r increases. In the 
simplified treatment of the ionic crystal, it is usual to assume that the 
repulsion term is the same for the different charged ions, hence in the 
simple cubic lattice, round each ion there are 6 ions at a distance r, 12 at 
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r1/2, 8 at 14/3 etc. The total repulsion energy of this type will therefore 


be given by : 

B ]2 8 

— (6 Se ee oes 

a (8+ Capt (apt) 
Generally, within the limits of order of the calculation, it is sufficient to 
consider only the first term, t.e. to consider only the repulsion due to the 
nearest neighbours. The repulsion energy then becomes BK/r*, where K 
is the coordination number of the ion. The total energy of the crystal 
per gm mol then becomes 


E = N( — Ae*/r + BK/r*) neeeCiet6) 
At the equilibrium distance when r = 7,, the energy will have a minimum 
value and differentiation of equation 13.16 and equating to zero gives 


r, = (nBK/ Ae?) /e-» er © ee) 
and 
Ae? l 
ma rs oa vad (PQat8) 


The quantity E is termed the lattice energy, and represents the energy 
required to transfer 1 gm mol cf the salt from the crystalline to the gaseous 
state in which all the ions have a separate existence. The lattice energy 
is generally taken as the positive quantity — E. 

In equation 13.18 values of A, e and r, are known. The value of n is 
generally obtained from experimental data on the compressibility of the 
crystal. The compressibility x is defined as the relative decrease in volume 
per unit of applied pressure. This may be written as 


t= yas »... (13.19) 
where V is the molecular volume and P the applied pressure. If all the 
energy of the crystal is potential energy, dE = — PdV, and hence 

ap _«E 

dV sa? 
and combining with equation 13.19 we have, 

7 
a op = WxV iwaeGl 3320) 


V is proportional to r3, provided that the atoms remain in the same relative 
positions. Let us call the proportionality constant @, which can readily 
be found from the geometry of the crystal. £ is a function of r, as shown 
in equation 13.16 and hence the terms in equation 13.20 may be evaluated. 
It is found that 

— 4NAe?/9a2r? + n(n + 3)BK/9a2r* + & = Ifmar?  ... . (13-21) 
If «x is measured under conditions in which r = 7,, then equations 13.21 
and 13.17 both give relationships between n and B and these quantities 
may therefore be evaluated. The values for n which have generally been 
used are as follows}? : for ions with an electron structure of He, 5 ; Ne, 73 
Ar, 9; Kr, 10; Xe, 12. Frequently the value n= 9 is used since the 
actual value is not critical. 
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Table CXLVI. The Contribution of Various Factors to the 
Lattice Energy as a percentage of the Electrostatic Energy Ae*/r 


Born and Mayer!® 
have attempted to im- 


prove the accuracy of 


id deg i Dd dante Von der Wool's| Zero-point sy didi equation 13°! 8 by 
accoraing accoratng an cer aoais eTo-~porn cai, Jrom 2 ba 
Crystal | to the law | to the law interaction energy | equation 13.18 and making certain Correc~- 
Bir” | exp (-ar) by Bornand Mayr tions. ‘The additional 
NaCl 128 115 "4 0:8 bake factors considered were 
Nal. | 1206 oe: a BG 3 the van der Waal’s 
KCl 114 11°g a" 08 =e forces between the ions, 
KBr 11-0 10'6 2-0 o7 —a the zero-point energy, 
CsI a ie ne ae _2 and in place of the 


function B/r* they in- 
troduced an exponential, 
expression of the form exp(— ar). These corrections, however, do not 
appreciably effect the values obtained as shown in Table CXLVI. 

The second column a 
of Table CXLVII gives ee 
the lattice energies of 


Lattue Energies 


Experimental value sor 


various crystals calcu- Gy) | _Salgland, | Meal tieaton” | rowimett at 
lated by the method of Born and Mayer} yt y- Born-Haber cycle 
Born and Mayer. These ee, eee EE 

values must not be EE ae aes 
regarded as theoretical KF. 193 192 
values, as the repulsion  GsF 178 178 
energy has been ob- pict ong ae 
tained by an empirical =‘ NaCl 84 181" ‘ 
method. Comparison of — RbCI 16 163 
these values withexperi- “SC! 1 157 
mental values for the Br. 98 eh 189 
heat of dissociation of KBr 162 160° 

the crystal into gaseous  RBBr aoe gris a6 
ions is possible only in ,,, a 

a few instances owing Nal 166 16615 eM 

to lack of experimental = Rity 138 st ab ote 

data but the agreement Cs! 143 rari 


obtained 1s within the 
limits of experimental error. An alternative method of obtaining experi- 
mental values, when the direct thermal data is lacking, is by means of the 
Born-Haber cycle. From thermochemical data the heats of formation of 
the solid crystalline salts of the alkali metal halides from the solid alkali 
metal and gaseous molecular halogen are known, e.g. for sodium chloride : 


Nawous + $Clo, = NaCl ong 4H=—-Q wore (l) 
We also have the following data : 
Nayous = Na, 4H=S 
Na,~ = Nat, +e 4AH=I1 
4Clogas = Cle 4H =}3D 
Classe = Clg 4H=—F 
Nat,,, + Cl = NaCloua AH= — E, 
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Summing we obtain 
Nasa + $Clogs = NaChona 4H=S+14+}4D—F-—E, 
oe eo Abl 
Combination of i and ii gives = 
StI+}D—F-E,=-—Q 

and hence 

E=Q-—-F+S+1+4D gant (RIL) 
This equation permits the calculation of the lattice energy if we know F, 
the electron affinity of the halogen atom, S, the heat of sublimation of the 
alkali metal, J, the ionization potential of the metal and D, the dissociation 
energy of the molecular halogen. These quantities are known, but to 
different orders of accuracy, and furthermore, the values should all refer 
to the same standard temperature, either absolute zero or room temperature, 
a condition which is not always fulfilled. However, the agreement between 
the calculated and observed values is sufficiently good to indicate that the 
theory developed for the lattice energy on the basis of ionic interaction is 
basically correct. 

The theory of Born and Mayer has been extended by the work of 
LANDsHOFF?’ using the methods of quantum mechanics. Taking sodium 
chloride as an example, Landshoff accepts the assumption that the lattice 
consists of Nat and Cl~ ions and calculates the ionic interaction energy on 
the basis of the Heitler-London theory using the known distributions of 
electrons in the Nat and Cl- ions. In addition to the correction terms 
of Born and Mayer, additional interactions related to the superposition 
of the electron clouds, the attraction between electrons and nuclei and the 
mutual repulsion of electrons are incorporated. The values obtained by 
this more exact method, however, differ from the values given in Table 
CXLVII by only a few kcals, the value for sodium chloride being 183 kcals. 


INTERIONIC DISTANCES IN CRYSTALS 


The distance between the ions in a crystal is determined by the equilibrium 
between the forces of attraction and repulsion. Values of the interionic 
distances may be obtained from x-ray data. On the basis of the Born 
theory of lattice energies we have, 

r, = (nBK/Ae®)V/e—- ». 2 (13.17) 
and r, is dependent on the nature of the law of repulsion, 2.e. on n and B, 
the coordination number K and Madelung’s constant A. If the same 
substance can crystallize in both a NaCl and a CsCl type lattice, then the 
equilibrium distances between the ions must be related by 


To __ ( Riis cA ees aa _ ( 8 1-7476 a 

Traci Kya +A oes 6 1-7627 

and when n = 9 this ratio becomes 1-036 and when n = 12, 1°207. 
Ammonium chloride, NH,Cl, crystallizes in a CsCl lattice up to a tem- 

perature of 174:3°C and above that temperature, in the NaCl lattice. 

Similar behaviour is observed with ammonium bromide (temperature of 

transformation 137:8°C) and ammonium iodide (temperature of trans- 

formation — 17°6°C). The interionic distances in the CsCl lattice are 

actually found to be approximately 3 per cent greater than in the NaCl 
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lattice. Pauling has given the following ratios of the interionic distances 
for various lattices assuming n = 9: 


| ee ee: rae — 1.036 “Her __ 1.937 


Nac Trotile 
| ene eee ene f: Twartalte or sine-blende __ 9). Q 57 Tourts _ 9.960 
Traa T ratile 


The equilibrium interionic distance in the crystal is not the same as 
that in the gaseous molecule (ion-pair) since in the latter the distance is 
determined only by the mutual interaction of two ions, whereas in the 
former case each ion is located in the field of all its nearest neighbours. 
The equilibrium interionic distance in the molecule (ion-pair) is obtained 
from equation 6.8 which may be written in the form 


To = (nBfe?)e-» ... (13.22) 
From equations 13.17 and 13.19, on combining we have, 
To[To = Veryet|Tgun = (K/A)O-? .. ++ (13.23) 


If the value of n is taken as 9, then the ratio ferye/Tp. becomes 1°18 for the 
NaCl and 1-21 for the CsCl type lattice. The experimental values obtained 
are: 1°13 for NaCl, NaBr, NaI, KCl, KBr, KI, RbCl, RbBr and RbI and 
1:16 — 1-18 for CsCl, CsBr and CsI. 

Ionic radii— The experimental determination of the interionic distance 
in crystals has led to the suggestion that in many crystals these distances 
may be correlated by assuming that each ion has a definite and constant 
radius, such that the sum of the ionic radii of two ions gives the interionic 
distance in the corresponding crystal. This concept of the additivity of 
the ionic radius is illustrated by the data given in Table CXLVIII, where 
the interionic distances in the crystals of the halogen compounds of the 
alkali metals are given. The data for CsCl, CsBr and CsI, which crystallize 
with a body centred cubic lattice, are shown in parentheses. All other 
structures are of the simple cubic type. If additivity of ionic radii 1s 
achieved, the difference between the interionic distances in such pairs of 
compounds as KI and KBr, Nal and NaBr, Lil and LiBr should be 
constant since it equals the difference of the ionic radii of iodine and 
bromine. These differences are found to be very approximately constant, 
the deviations being of the order of 0-1 A. We may conclude therefore 
that for the halogen compounds of the alkali metals the conception of the 
ions as spheres in contact with each other is approximately correct. 


Table CXLVIII. Verification of the Additivity of Ionic Radii in Ionic Lattices 


Cation Distance A 
Anion | Cs ae Rb | Rb-K | K | K-Na;, Na | Na-Li| Li 
: | 
I (3°95) ; (0°29) 3:66 | 013 | 3°53 | 0-30 | 3:23 | 0-23 | 3:00 
I-Br (0-24) | O23 _ O24 0°25 0°25 
Br (3°71) | (0°28) © 3-43 | O14 | 3°29 | O31 | 2°98 | 023 | 2°75 
Br-Cl | (Orr 4) | 0-16 | Ot5 O17 0-18 
Cl | (3°57) | (0-30) | 3:27 | 013 | 314 | 033 | 28r | 024 | 2°57 
CI-F | (0°57) | 0°45 0-48 0°50 0°56 
F | 3°00 0:18 | 2-82 0-16 2°66 | 0°35 2°31 0-30 2°01 


320 


THE CHEMICAL BOND IN CRYSTALS 


The experimental data, however, give values only of the distance 
between two ions and therefore in order to obtain values for the in- 
dividual ionic radii certain assumptions have to be made. Where the 
anion is large and the cation small, e.g. Lil, it may be assumed} that in the 
crystal the anions touch and that the radius of the anion is half the inter- 
atomic distance. In other crystals where such an assumption may not be 
made, other methods have to be employed to determine the ionic radii. 
WASASTJERNA!® used a method based on the assumption that the molecular 
refraction of an fon is proportional to the cube of the radius. These 
values were used by GoLpscHmIDT?® to give a systematic table of ionic 
radii. The most satisfactory method, however, is that of PauLinc?!. In 
a crystal such as KCl, the two ions K+ and Cl~ have the same electronic 
structure and differ only in the charge on the nucleus. Clearly, the K+ ion, 
which has the greater nuclear charge, will draw the electrons closer to the 
nucleus than the Cl- ion, so that the radius of the Kt ion will be smaller 
than that of the Cl~ion. The difference in size will depend on the effective 
charges on the nucleus of the ions and Pauling proposed that for the 
isoelectronic ions, e.g. K+ and Cl-~, Nat and F-, the radii are inversely 
proportional to the effective nuclear charges. The effective nuclear charge 
is equal to the actual nuclear charge, <e, minus the screening effect, Se, of 
the other electrons in the ion. Values of the screening constant, S, have 
been obtained by theoretical calculation and experimentally?!. The 
value of S for ions with the neon structure is 4:52 and the effective nuclear 
charges for Nat and F~ are thus 6-48e and 4-48e respectively. By dividing 
the interionic distance in the sodium fluoride crystal, 2-31 A, in the inverse 
ratio of these values we obtain the values 0-95 A for the ionic radius of 
the Na+ ion and 1-36 A for that of F-. By a similar method the values 
for K+, Cl~ ; Rbt, Br~ ; Cs*, I~ ions are obtained. Furthermore, knowing 
the ionic radius of the K* ion and the ratio of the effective nuclear charges 
of the isoelectronic ions K+ and Ca?t, the radius for the Ca?+ ion may 
be obtained. However, using the value for the ionic radius of the calcium 
ion obtained in this way, the calculated interionic distances for the crystals 
of calcium compounds do not agree with the observed values. This dis- 
crepancy was ascribed by Pauling to the doubly charged character of the 
calcium ion and it can be considered that the value obtained by the method 
described above represents the radius that the calcium ion would have, if 
it possessed only a single. charge, z.e. its energy of interaction with, for 
example, the Cl~ ion is — e?/r and not — 2e?/r. The dependence of the 
interatomic distance on the charge on the ion, z, is given by the general 
form of equation 13.17 


r, = (nBK/Az*e?) Ve » +++ (13.24) 

For singly charged ions we have, 
r, = (nBK/Ae*)\Ve-» sews (13.17) 
and hence the radii of ions with charge z and unit charge are related by 
S28 ++ (13.25) 


By this means and using the value of n given above, Pauling derived 
values for the radii of a large number of ions of different charge?? and the 
values are given in Table CXLIX. In this table we have omitted many of the 
poly-charged ions, such as Cl’+ and N5+ which are never encountered. 
The gradual variations of the radii in members of the same group and of 
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the same period are to be expected. It is interesting to note, however, 

that the radi of Cut, Agt and Aut, which possess filled d orbitals, are 

less than those of K+, Rb+ and Cs+. Similar behaviour is observed with 
Z2n*+, Cd?+, Hg?+ and Ca?+, Sr2+, Ba?+. 

If the ionic radii are used 

Table CXLIX. Tonic Radti (A) according to Pauling to calculate the interionic 


Lit Be2t+ distances in crystals of the 

060 8960-31 sodium chloride type, good 

Be ae Nat Mgt oo naar ite oe a 
eae Pag: Gok. oes perimental values for the 
salts of potassium and _ rubi- 

S- Cl- K+ Cat Cut Zn*+ dium, but it is less satisfactory 
1-84 181 133 «6049-96 '74—Ss ith the salts of sodium and 


agreement is poor for lithium. 


Se?- Br- Rbt Sr2+ A Cd*t+ : p : 

1-98 08 1-48 a e o-97 + hus in LiCl, the experimental 
interionic distance is 2-57A 

Te IH Cst = Batt = Aut =—s Hg**_ whereas the sum of the ionic 

gar 216 6g 13500 13710 radii is 2-41 A, in LiBr the 


values are respectively 2-75 A 
and 2:55 A and in Lil 3-02 A and 2-76 A. In Nal the difference is 3:23 A 
and 3:11 A. On the basis of the concept of ionic radii, these discrepancies 
are explained by the fact that lithium ions are very small and occupy the 
hole formed by the packing of the large anions which are considered to 
be in contact. Thus the anions are not in contact with the cations, which 
is the basic assumption on which the conception of ionic radii rests. This 
explanation, however, is not entirely satisfactory since the interionic distance 
in lithium iodide, for example, is not twice the ionic radius of the I~ ion. 
In fact the equilibrium distance is established as a result of the balancing 
of the forces of attraction and repulsion and is not dependent on the 
dimensions of hypothetical stable spheres with radii equivalent to the 
1onic radii. 

The introduction of the concept of ionic radii must make an implicit 
assumption concerning the variation of the repulsion energy with the 
interionic distance. The curve showing variation 
of the repulsion energy with distance which shows 
a steep rise as the distance is decreased, is replaced 
by a vertical straight line parallel to the ordinate 
and at a distance from it equal to the sum of the 
radii of the two ions. Thus it is clear that the 
ionic radii have no real physical meaning. This 
may be illustrated in another way. In Figure 67 
the variation of the density of the electronic cloud \ a ——e 
with the distance from the nucleus for the Kt i L 
: : : . istonce trom Nucleus 
ion is shown. The vertical line at 1:33 A corre- - 
sponds to the ionic radius of K+ (1-33 A) and it Figure 67. Variation of the 
: ° yo. 2 electron density with distance 
is clear the electron density at this distance 1s from nucleus in potassium 
almost insignificant and the radius does not (K+) ion 
correspond to any definite limit of the electron 
cloud. On the basis of Figure 67 the value of the ‘radius’ might have been 
taken equally well at a value greater or less than 1°33 A. . 

From the above discussion it will be appreciated that the magnitude of 
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the radius assigned to a particular ion will be dependent on the particular 
lattice structure of the crystal. This fact explains the divergences which 
have been noticed for CsCl, CsBr and CsI in Table CXLVIII. The inter- 
ionic distances in body centred cubic lattices are approximately 3 per cent 
greater than the sum of the radn (Table CL), due to the calculation of 
ionic radii being made almost invariably from lattices of the sodium 
chloride (simple cubic) type. 

The wide variation of the radii of Table CL. Experimental Interionic Distances 
different ions has been considered as "4 Sums of Radi in CsCl type Lattices 


a possible explanation of the for- 


mation of different lattices, possessing Experimental | 
different coordination numbers. In Salt | distance | Sum of radii | Ratio 
the case of the close packing ofequiva- | A 
lent spheres it is possible, as we have cq) | 95-56 | «9:50. 1-027 
seen, to pack twelve spheres round a CsBr 3-72 3°64 | 1-022 
central sphere. If, however, the CsI 3°96 3°85 | (1-029)* 

RbI 3°75 3°64 ! 1-030 

| 


surrounding ions are larger than the 
central ion, it is not possible for 1t to ———-—__________—_—_- 
be in contact with more than eight, * Pauling’s value of the radius of the Cs+ ion given 
thus replacing a close packed lattice Yanee in Cat ard deeeased bye ee 
by a body centred cubic lattice. The conform with an NaCl lattice. 
coordination number would thus 

appear to be dependent on the ratio of the ionic radii. This problem may 
be considered quantitatively. Let us consider the CsCl type lattice and 
let r, and r, be the radii of the anion and cation respectively. ‘The distance 
between the nuclei when the ions are in contact will be r, + 7,, which is 
half the length of the diagonal of the cube. If the values for the radii 
are close, i.e. r,~7,, the anions will not touch. On increasing the radii 
of the anions, there is reached a limit when the anions are in contact. At 
this limiting condition the length of the edge of the cube 1s twice the radius 
of the anion, 1.e. 2r,, and since the ratio of the diagonal of a cube to an 
edge is +/3/1 we have for anion contact 


(7, + 1)/2r, = +/3/2 


Jr, = V3 — 1 = 0-732 
This relationship establishes the lower limit of the radius ratio for which 
the CsCl type lattice may occur. The condition of its formation being that 

r./1, = 0:°732 

If the radii are such that 7,/r, < 0°732, the cation cannot be in contact 
with eight anions, the coordination number falls to six and a lattice of the 
NaCl type is formed. In this case the distance between the nuclei of the 
anion and cation, r, + 7,, is equal to the side of the cube, and the distance 
between the nuclei of two anions is equal to the diagonal of the face of 
the cube. If all the ions are in contact, we have 


(4 +r) V2= 


r.Jr, = f/2 —1= 0-414 
This ratio gives the lower limit for the formation of the NaCl type lattice 
and the condition for its formation 1s therefore, 
rir, > 0-414 
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By a similar method, we may obtain the analogous expression for the 
tetrahedral structure, where the coordination number is four. This is: 


TT, = V6 — 1 = 0°225 


If r./r, < 0-225, the coordination number is reduced to three, and the 
three ions are arranged round the central ion in a planar configuration. 
The lower limiting ratio is then : 

7/7, = 2//3 — 1 = 0-155 

The significance of these critical ratios was first pointed out by MacGnus?3 
for ionic complexes and later applied by GoLpscHmipT?® to crystals. In 
the case of CsCl, CsBr and CsI, the value of the ratio 7,/r, is greater than 
0:73. It is therefore understandable that these salts form crystals with a 
coordination number of eight. There are, however, many exceptions to 
the conditions formulated above. For example, the halides of rubidium, 
potassium chloride and potassium fluoride, which crystallize with a NaCl 
lattice, have a value of 7./r, greater than 0-732. 

Some alkali halides which at normal pressures crystallize with the NaCl 
lattice are transformed at higher pressures into the more compact CsCl 
lattice*4.. The choice of the lattice, however, is not determined by the 
most suitable arrangement of the hypothetical spheres, but by the attain- 
ment of minimum free energy. The theoretical prediction of the type of 
lattice that is formed is made difficult by effects other than the electrostatic 
interaction, which may be decisive factors. MIAYER, and MAYER and 
Levy? calculatec for the salts of silver, thallium and copper the change 
of energy on the transformation from one type of lattice to another. These 
authors took into consideration all the terms in the energy expression. 
Unfortunately the values obtained can only be regarded as approximate 
and moreover the calculation is only correct for the crystal structure at 
absolute zero. ‘The calculations show correctly, that for silver fluoride, 
the NaCl lattice is more stable than the tetrahedral lattice by 8 kcals and 
more stable than the CsCl lattice by 2:5 kcals. For silver iodide, however, 
the theoretical predictions are not in agreement with the experimental 
observations, a result explained by the authors on the grounds that silver 
iodide cannot be treated on the basis of an elementary ionic model. 

The concept of ionic radii is useful as a means of assisting in the deter- 
mination of structure, but in the opinion of the authors its extension to 
such structures as that of silica, with the suggestion of the existence of the 
Si4+ and O27 ions, is unwarranted. 


HALOGEN COMPOUNDS 


The crystals of the halides of copper and silver are rather different in 
their properties compared with the halides of alkali metals. In Table CLI 
are given the lattice energies calculated by electrostatic theory and by the 
Born-Haber cycle. The agreement between the values is clearly not as 
good as that indicated in Table CXLVII for the halides of the alkali metals 
and although the accuracy of the figures is not very great, the divergencies 
cannot be attributed to experimental error. It would therefore appear 
that electrostatic theory alone is insufficient to use as a basis for the calcu- 
lation of these lattice energies. The variation of (E,, — E’) which is 
observed shows that agreement is best in the case of AgF and increases 
in the order AgCl, AgBr, AglI, z.e. in the order of decreasing electro- 
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negativity of the halogen. It would therefore appear that the discrepancies 
are due to the partial covalent character of the bond in these crystals. 
The copper salts appear to be more covalent than the silver salts, and 
the covalent character of the bond again increases in the order chlorine, 
bromine, iodine. 

AgF, AgCl and AgBr 
crystallize with a Table CLI. Lattice Energies of Silver and Copper Halides 
sodium chloride lattice 


and CuCl, CuBr, and | on eee 
Cul with the _ lattice Bo ee ee 


given in Figure 62 in | | 


which copper has a By __, By electrostatic | . 
coordination number of Salt electrostatic | method corrected| By Born- Difference 
(our This “difference method | for van der Haber cycle | Fezp — E’ 
: E 'WWaal’s forces E” : - | 

in crystal structure of keals keals keals Ss kealls 


the two salts is not ey es ae rr 


: | 216 233 17 
determined by the oa; | 508 os | 80 


difference in the dimen- Gur | 2 190 ey a 
sions of the Ag+ and AgF | 194 219 228 9 
Cut ions, since accord- 

ing to Pauling the latter A8y. 174 re 7. 4. 2 
has the value 0-96A, Aer | 149 ot 7 


which is not outside the | 
limits for a sodium 

chloride lattice. The decrease of the coordination number from six to 
four and the formation of a tetrahedral configuration are more probably 
determined by the covalent character of the bonds between copper and 
chlorine. However, it is to be emphasized that the bonds are not entirely 
covalent any more than they are entirely ionic, but are of an intermediate 
type. 

At low temperatures silver iodide forms a structure in which silver has 
a coordination number of four. On raising the temperature the lattice is 
deformed so that three iodine atoms are closer to the silver atom than the 
fourth. Above 146° C a further transformation occurs to give a structure 
in which the iodine ions form a body centred cubic lattice and the silver 
ions move freely in the interstices. Owing to the free mobility of the silver 
ions, the high temperature form conducts electricity. 

The inter-atomic distances in crystals where the bond is known to be of 
an intermediate type have frequently been compared with the correspond- 
ing ionic and covalent radii. There is, however, considerable difficulty in 
arriving at these two quantities and it is doubtful whether any of the values 
recorded in the literature can be regarded without suspicion. For example, 
Goldschmidt obtained the ionic radius of the Agt ion by assuming that 
the bond in silver fluoride was entirely ionic and subtracted from the 
Ag—F distance the ionic radius of the F~ ion, thus obtaining the value 
1:13 A, which he considered to be the iunic radius of the Ag+ ion. The 
value obtained by Pauling for the ionic radius of Ag+, 1-26 A does not 
agree with Goldschmidt’s value, but owing to the assumptions made 
during the course of the calculation the error may be of the order of 0-15 A. 
The covalent radius of silver is obtained on the assumption that the bond 
in Ag] is entirely homopolar and substracting from the bond distance one 
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half of the interatomic distance of I,. Clearly these calculations are very 
approximate and it is doubtful whether the values so obtained, not only 
for Agt, but also for copper, platinum, zinc, efc, are of great significance. 

In the solid state the halides of ammonium consist of NH,* and Hal- 
ions arranged in a lattice. From the value for the lattice energy it is possible 
to obtain the affrity of ammonia for a proton, by considering the following 
thermochemical processes : 


NH, + Ht = NH,* BAH == == P 
The heats of formation of crystalline ammonium salts, NH,Hal from Nag, 
H, and Hal, are ae from thermochemical data ; we have 
iN oe 7 BCle, = NHyClouw JH = —Q “nae ) 


We can also eee Pe the reactants to solid ammonium chloride by a 
different method : 


No, + $Hy,,, = NH3 4H = — Q, 
4H,.,, = H 4H = D,/2 
H = H+ +e 4H=I1 
sCl, 4. = Cl Ah = D,/? 
een 4H=-—F 
NH, + H+ = NH,*,, 4H=-—P 
NH, gas ge = NACo 4H=—U 
Summing we obtain, 
3No.,3 + 2H» ai $Cly.,, = NH,Chona } 
| > ... (il) 


AH = D,/2 —1+D,/2-Q,-F—P—U ) 
From equations i and ii we obtain 
P=Q-Q,-D,/2+174+0D,/2-—-F-—U atoll) 


Table CLII gives the values of Q and U for different ammonium salts 
together with the values of P calculated by means of equation iii. It is 
interesting to notice that the values increase in the order I, Br, Cl and F, 
and that the value for the fluoride 1s significantly greater than the other 
values. NH,Cl, NH,Br, NH,I crystallize in lattices of the sodium chloride 
and caesium chloride type. The lattice of NH,F, however, is of the 
tetrahedral, wurtzite type. The NH,* ion is tetrahedral and in NH,F, 

the fluorine ions are arranged along the 
. continuation of the direction of the N—H 
Table CLI. Proton Affinity of Ammonia bond. The hydrogen bonds N-—H.- --F 


so formed stabilize the molecule, resulting 


oat | eet Fea) | Po j, in a gain in energy which is respansible 
Tes rae aa for the high value of P for NH,F given 

NH,F Irtg 177°5 220 M Table CLI. h | eal 
NH,Cl = 5-1 153-3: 210 The halides of the elements of the 
NH, Br 64:0 147°4 | 206 second and higher groups of the periodic 


NHI | 486 1436 : 201 classification are evidently not ionic com- 
| Average pounds in view of the improbability of the 


| i formation of poly-charged ions such as 
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Al3+. We would therefore expect that the bonds in such crystals would 
possess considerable covalent character. It is not possible to determine 
the nature of the bond directly from the melting point of the crystals as 
will be apparent from the following discussion. The melting points of 
several fluorides are given in Table CLIT; the values for LiF, BeF,, NaF, 
: MgF, and AIF, are 

Table CLIT. Melting Points of some Fluorides °C very much higher than 

| those of the remainder 
LiF | BeF, | BF, CF, NF, OF, F, ofthecompounds. Such 
842 Boo | —127 | <—15 | <—2to | <—146 |—233 a sharp change in the 
melting point as indi- 
cated by these data 
cannot be regarded as 
evidence as a transfer 
from one limiting type of bond to the other, since the substances differ 
from one another in the type of lattice formed. The fluorides of sodium, 
magnesium and aluminium all crystallize in coordination lattices, the 
coordination number of fluorine being six in NaF, three in MgF, and 
two in AIF;. In these crystals, as in all coordination lattices, there cannot 
be any suggestion of individual molecule formation. In the process of 
melting, chemical bonds are broken, and the melting point is therefore 
high. In the case of the fluorides possessing low melting points, molecular 
lattices are formed in which separate molecules are held together in the 
crystal lattice by van der Waal’s forces. In the process of melting it is 
these forces which are overcome by the thermal energy of the molecules 
and the nature of the bond between the element and halogen have little 
influence on the melting point. The character of the bond in these com- 
pounds will vary with the nature of the electropositive element. In LiF, 
BeF,, NaF and MgF, the bond is essentially ionic. In BF, and AIF, there 
will be resonance between the ionic and homopolar states and in CF,, 
NF,, OF, and F, the contribution of the covalent form increases considerably. 


NaF | MgF, | AIF; | SiF, | PFs 
980 | 1,400 | 1,040 97 — 160 


tee ee Ue Table CLIV. Melting Points of Chlorides and Electrical 
possib €, therefore, to Conductivity of the Fused Salts 
determine the nature of: ————-——— ue 
the bond from the melt- HC] | Lic) NaCl KCI RbCl GsCl 
ing point, it is evident T°C —114| 606 800 768 717 645 
that the bond type is > ohms~! | 1078 | 166 34 104 78 67 
a engi m oa BeCl, MgCl, CaCl, SrCl, BaCl, 
mining the type Ol 7-°¢ 404-718 774 870 ~—_ g60 
lattice. The greater the } ohms-! 0-066 29 52 56 65 
lonic character of the a ee 
bond, themoreprobable .., BC], AICI, GaCl, | InCl, | TICI, 
; he for : c T °C —107 <183* 755 586 | 25 
is the formation of a 4 ghms- ‘ sy 10-8 1077 147 | 1073 
coordination lattice. | 
Table CLIV gives the Pere 

* boiling point 


melting points of 
various chlorides, together with their electrical conductivity, A, in the fused 
state. There is an obvious correlation between the two properties ; 
chlorides with high melting points have a high conductivity and those 
with low melting points, low conductivity. It is, however, important to 
observe that there is a much greater difference in the conductivities of the 
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corresponding elements of the first and second periodic groups than in 
their melting points. This evidence clearly indicates a type of bond which 
is less ionic in the second group elements compared with the first. In 
diamond, the bond between the carbon atoms is homopolar. Nevertheless, 
since the carbon atoms form an infinite network of carbon atoms arranged 
tetrahedrally, the melting point is extremely high. Thus we may conclude 
that the melting point of a crystal is, to a very large extent, a characteristic 
of the type of lattice formed and not of the nature of the bond between 
the atoms. 

Certain metals, such as thallium, may give rise to two zero valent ions 
with different charges, e.g. Tl+ (5d)° 6s?) and T1§t+ (5d!°). In the mono- 
halides of thallium, according to Mayer and Levy*®, van der Waal’s 
forces contribute a significant 
amount, approximately 30 


Table CLV. Lattice Energies of the Thallium Halides 
kcals, to the lattice energy. 


Calculated value is j i . 

by the method of | Calculated by| Van der Waal’s ee Ai is taken pie sae 

Salt | Bord ond Mayer| Born's cycle siete sideration, agreement between 
keals keals keals the calculated and experimen- 
| | ——_——__ tal values of the lattice energies 

a ei ae is obtained (Table CLV). This 
TI a: wy 6 result would tend to indicate 


that in these compounds the 
bond between thallium and 


halogen is largely ionic. In — , 
‘he: trihal ogen compounds, Table CLVI. Electrical Conductivities of Halides 


however, the experimental 


: Energy of Electrical 
evidence tends to show that emission of one Boiling point | conductivity of 
the bond possesses greater Salt electron from of chlorides | fused chlorides 
homopolar character, e.g. metal kcals | °C ohms~ 
the electrical conductivity |G ia 
data (Table CLVI) clearly tnq 

. NnUl3 403 
shows that in the fused state TIC) | 140 
InCl, TICl, SnCl, and PbCl, TICl; 430 
have a higher ionic charac- 
SnCl 
ter than InCl,, TICI,, SnCl, sacl. a 


i 2 
and PbC],. PbCl, | rf 
A study of the subhalides PbCl, | 554 
of the alkaline earth metals : 
has been made by Guntz panos 
and Benoir?®. The heats of formation of CaCl, SrCl and BaC} are as 
follows: 


Ca + CaCl, = 2CaCl 4H = — 2-7 kcals 
Sr + SrCl, = 2SrCl 4H = — 146 kcals 
Ba + BaCl, = 2BaCl 4H = — 16:5 kcals 


If the subhalides form entirely ionic lattices, then it follows that the 
lattice energy of SrCl would not be greater than the corresponding 
value for RbCl. If this were so the reaction Sr + SrCl, = 2SrCl 
would occur with the absorption of 112 kcals whereas it actually 
occurs with the evolution of 14:6 kcals. Such a large discrepancy cannot 
be due to experimental error and it can only be concluded that the simple 
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ionic structure does not give rise to the entire lattice energy, it being 
possible that the unused valency electrons of the Sr* ion give rise to a 
bond of the type occurring in metals. ‘The data on the subhalides are, 
however, very incomplete. 

CdI,, PbI, and NiCl, crystallize with layer lattices of the CdI, type. 
A layer lattice of a somewhat different type is given by MgCl,, ZnCl,, 
CdCl,, MnCl,, FeCl, and CoCl,. The layer lattice must be regarded as 
a transitional type between the coordination lattice and the molecular 
lattice. Each infinite layer represents a large coordinate molecule in which 
the bonds between the atoms will be a resonance hybrid of the covalent 
and ionic forms. The layers will be bonded by van der Waal’s forces. In 
contrast to the halides discussed here, the fluorides of some elements, where 
the bond is largely ionic in character, give lattices of the CaF, and TiO, 
type. 


HYDRIDES, OXIDES, HYDROXIDES AND THE ANIONS 
OF THE OXYACIDS 


The hydrides of the alkali metals in the solid state are salt like compounds, 
constructed from the ions M+ and H7 as indicated by the electrical con- 
ductivity of the fused compounds in which hydrogen is liberated at the 
anode. x-ray data show that the crystal lattice is of the sodium chloride 
type ; the interionic distances are given in Table CLVII. The calculation 
of the lattice energy by equation 13.18 is not possible owing to the absence 
of data on the compressibility of the hydrides, but the electron affinity of 
hydrogen (16-4 kcals) has been calculated by : 

the methods of quantum mechanics, and the ee rar pt ead the 
knowledge of this value permits the calcu- aries a) LMAO TEES 

lation of the lattice energy by the Born-Haber : | 
cycle (third column of TVadble CLVII). A Apdride | Interatomic | Lattice energy 
quantum mechanical calculation of the | distance A | keals 
lattice energy of LiH has been made by ji, ‘| 


220 
HyYL_Leraas”’ who obtained the value 219 NaH | 193 
kcals, in excellent agreement with the value KH | 165 
obtained by the Born-Haber cycle, 220 kcals. ore De 
The value obtained for the interionic ” 


distance was 2:20A, compared with the 
observed value of 2-04 A. 
From the heat of formation of solid LiH, 


| Oe + 4H, = Lisa 4H — 21°6 kcals 


and the heat of formation of the gaseous molecule, it is possible to determine 
the heat of sublimation. The value obtained is 55 kcals, but the value of 
the dissociation energy of the gaseous molecule is not known accurately, so 
that this value has no great significance. If, however, it is of the correct 
order of magnitude, the high value would suggest that LiH forms a co- 
ordination lattice. 

The oxides of the alkaline earth metals crystallize in a sodium chloride 
lattice although in SrO and BaO the radius ratio is greater than 0°732. 
It has been proposed that the crystals are constructed from the ions M?+ 
and O2-; the electron affinity of the oxygen atom calculated on this 
assumption by the Born-Haber cycle for the different oxides give rather 
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divergent values (Table CLVII, column three), a result which may be 
interpreted as indicating that the bond is not entirely ionic. A more 
accurate calculation of this affinity by Maver and Matra, taking 
into account the van der Waal’s forces and the zero-point energy, shows 
an even greater range of values, from — 1go to — 144 kcals. 

If it be assumed that the average of the values given in column three of 
Table CLVII, viz — 166 kcals, is the affinity of the oxygen atom for two 
electrons, it is possible by means of the Born-Haber cycle to determine the 
lattice energies of other oxides and to compare them with the values 
calculated by equation 13.18. The values obtained are given in Table CLVIII 
and although the agreement is good in certain cases, in others there is a 
wide discrepancy, indicating the inadequacy of the simple ionic theory. 
The data suggest, however, that the crystals of Li,O, K,O and Na,O are 
ionic ; these oxides crystallize in an anti-fluorite lattice (Lit replace F- 
ions and O2- replace the Ca*+ ions in the fluorite lattice). 


Table CLVIIL, Lattice Energies of Metallic Oxides in keals 


! | | ; 

Lattice | Affinity || Lattice | Lattice || | Lattice | Lattice 
energy |ofoxygen|, energy « energy oe | _ energy energy 
Oxide | calculated atom | Oxide | calculated | calculated | Oxide | calculated | calculated 

by equation | for two by equation | by Born- | by equation | by Born- 

13.18 * electrons | 13.18 Haber cycle 13.18 | Haber cycle 

nn a) —— | —__—_—_—_. —_—— 
MgO 940 175 | Li,O 695 692 f Cu,0 | 644 788 
CaO 842 —171 || MnO gl2 929. ~—s i. Ag,O | 585 714 
SrO 791 —150 |) ars ! 944 937 : cdo | 867 913 

' 959 993. 

NiO | 968 ! 965 | SnO, | 2,734 2,812 
BaO | 747 —157 ; ZnO | 977 | 964 | PbO,; 2,620 | 2,829 
! | |, Al,O; 3,708 | 3,613 


In its compounds, 
oxygen shows a wide 
Coordination | range of coordination 


aes | Rompelins numbers (Table CLIX). 
ar aaa J Na,O, K.O ~~~ The higher coordination 


6 CaO, MgO, SiO, BaO, CdO, MnO, FeO, CoO, NiO numbers will be deter- 
4 | ZnO, BeO, PbO, SnO, PtO, PdO, Cu,0, Ag,O mined by the ratio of the 
3 


Table CLIX. Coordination Number of Oxygen in Oxides 


TiO,, MO Ge Oo eco MoO: WO; radii of the participating 
SiO, GeO, ions, but the lower co- 
ordination numbers will 
be due to an increased contribution of the covalent structure to the bonds 
in the crystal. 

The x-ray and electron diffraction data reveal that the ZnO crystal is 
intermediate between the coordination lattice and a molecular lattice. 
The general structure is tetrahedral, the zinc atom being surrounded 
tetrahedrally by four oxygen atoms. The structure, however, is not regular, 
the zinc atom being located not at the centre of the tetrahedron but nearer 
to one oxygen atom than to the remaining three. Furthermore, the elec- 
tron density diagram shows that the clectrons are not arranged symmetrically 
around the zinc and oxygen atoms as if all were in the ionic form, but 
there is an increased density between the zinc atom and the nearest oxygen 
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atom*®, It would therefore appear that the bond between the zinc atom 
and this oxygen has considerable covalent properties. In a similar manner 
in the sesquioxides, Al,O,, Fe,O,;, Cr,O3, Ti,03, V,0, and Ga,QOsg, it is 
possible to distinguish a molecular group e.g. 


O 
Coal 
ae 


in the crystal lattice. In these examples the lattice, although primarily 
lonic, does show a trend towards the formation of molecular groups and 
the lattices must therefore be regarded as inter- 
mediate between the coordination and mole- 
cular types. 

The oxides of antimony (senarmontite) and 
arsenic (arsenolite), to which the formulae Sb,O, 
and As,O, are normally ascribed, give mole- 
cular lattices consisting of packed Sb,O, and 
As,Og molecules. In these molecules, the six 
oxygen atoms form an octahedron (Figure 68), 
and the atoms of arsenic and antimony are 
located outside the octahedron on the perpendi- 
culars from the centre of every other face. Thus Figure 68. Structure of the 
eacli atom of arsenic (or antimony) forms a As,O, molecule 
pyramid structure with three oxygen atoms, 
corresponding to the three p electrons of arsenic or antimony. The 
AsO bond distance in the crystal is 2:01 A, and the SbO distance 
2:22 A. In the gaseous state, the structure of molecules As,O, and Sb,O, 
is retained, although the AsO distance is less, being 1-80A and the 
As—O—As angle is 126° compared with a tetrahedral angle in the solid 
state?°, In the bonds between arsenic and oxygen, resonance between the 


homopolar As—O and the ionic SAstOmstructures will occur. The 


contribution of the ionic form is probably of significance cven though 
the structure is mainly homopolar, since the alternating charges produced 
throughout the structure will increase the stability. In the crystalline 
state the contribution of the ionic form will be increased by mutual in- 
duction between the molecules, compared with the molecule tn the gaseous 
state. This is the probable cause of the deformation of bond angles and 
bond distances on crystallization. It is clear from the experimental evi- 
dence discussed above, that the poly-charged ionic states of arsenic and 
oxygen viz As?+ and O2- make no contribution to the structure of the 
molecule. 

The separate Ass,O, and Sb,O, molecules are arranged in the crystal 
in a diamond structure, the distance between the oxygen atoms of the 
neighbouring molecules being 2:8 A. This value is smaller than usual for 
a molecular crystal and the closeness of the packing is evidently due to 
strong dispersion forces. In addition there will be some electrostatic 
interaction of arsenic and oxygen atoms of different molecules. These 
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strong intermolecular forces are responsible for the melting point being 
unusually high for a molecular lattice (Sb,O,, 656° C). 

The structure of hexamethylenetetramine, C,H,.N, is similar to that of 
As,O, and Sb,O,. ‘The nitrogen atoms occupy the corresponding position 
to that of the arsenic atoms and the CH, groups correspond to the oxygen 
atoms. The structure of P,O, is also similar, and in P,O,, each phos- 
phorus atom is bonded to four oxygen atoms, so that the structure resembles 
that of P,O, (As,O, type), but with an additional oxygen atom located 
on the same perpendicular from the octahedral face as the phosphorus 
atom, but farther away from the centre of the molecule. The fourth PO 
bond is different (interatomic distance = 1-39 A) from the other three, 
resonance occurring between the structures : 


—O —O 

x x 
—O—P=O —O—P+ — O- 
me —~O 


The structure of P,O,S, is similar, the PS distance being 1-85 A. 

In a second modification of Sb,O, (valentinite), BUERGER and 
Henpricks?! have concluded that the crystal consists of endless chains of 
atoms joined by homopolar bonds : 


The SbO distance is 2-00 A, 7.e. less than in senarmontite, the Sbh—O—Sb 
angles are 132° and 116° and the O—Sb—O angles are 81°, 93° and 99°. 
The monoxides of lead and tin, PbO and SnO, 
form layer lattices?*. Each oxygen atom is sur- 
rounded tetrahedrally by four atoms of the metal. 
The PbO distance is 2-30 A and the SnO distance 
2:21 A. For the distance between the metal atoms 
the following values have been obtained : 
Pb—Pb (in one layer) 3:95 A 
4, Pb—Pb (in different layers bonded by 3:82A 
van der Waal’s forces) 
Pb—Pb (inthesamelayer butseparated 3:67A 
by an oxygen atom) 
In SnO the corresponding values for the Sn—Sn 
distance are 3°80 A, 3:70 A and 3:51 A res- 


@ Pa Oo pectively. 
Figure 69. Palladium oxide The structure of the PtO and PdO crystals*? 
(PdO) lattice (Figure 69) are of considerable interest. Four 
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oxygen atoms (open circles) are arranged round each platinum or 
palladium atom (black circles) in a plane, thus forming a rectangle 
(almost a square). This arrangement of bonds is shown in the following 
chapter to be characteristic of these metals in this valency state. The 
oxygen atoms are surrounded by four atoms of the metal which are 
located at the apices of a rather deformed tetrahedron. The configuration 
of the atoms is determined by the direction of the covalent bonds of 
platinum and palladium. The Pt—O distance is 2-02 A and the Pa—O 
distance 2:01 A. It is very probable that CuO has the same configuration. 

The hydroxides of the metals give layer lattices. The layers of crystalline 
LiOH consist of three sheets of Li atoms and OH groups, the, Li atoms 
lying between the two sheets of OH groups and in such a way that each 
Li atom is surrounded by four OH groups : 


x ® x e x ° 
x Li atoms 
O x O x ) x 
e OH groups below sheet 
X e x e x e of Li atoms 
O x O x O x o OH groups above sheet 


of Li atoms 

Mg(OH),, Mn(OH),, Ca(OH),, Ca(OH),, Co(OH),, Ni(OH), and 
Fe(OH), all form lattices of the Cd1, type in which each layer consists of 
two parallel sheets of hydroxyl groups, between which is located the layer 
of metal atoms. The hydroxyl groups of different layers form a close 
packed layer in which each hydroxy] group from one layer is surrounded 
by three hydroxyl groups of the other. The structure of Al(OH), is 
similar to that of Mg(OQH), but two aluminium atoms take the place of 
three magnesium atoms, which causes a rearrangement of the sheets of 
atoms in the layers. The mutual arrangement of the layers, however, is 
quite different, each hydroxyl group of the upper layer being directly 
above that of the lower layer. 

Hydrogen bond formation may play an important part in the stability 
of the hydroxide lattices. In LiOH the bond between lithium and the 
hydroxyl group is almost entirely ionic. This will reduce the ionic character 
of the OH bond since the structures Li—O-H?+ and Lit O2- H+ are much 
less probable than the form Lit O-—H. A similar argument will apply 
to Mg(OH)., and this effect will tend to reduce the possibility of hydrogen 
bond formation. In Al(OH), the ; . 
conditions for the formation of hydro- Table CLX. ae oS ++ °O Distance 
gen bonds will be more favourable, eee 
and the layers of B(OH), molecules | 
in boric acid are strongly linked by ‘ydroxide | Distance 
hydrogen bonds, since resonance may A 
occur between the forms B—O7- H*, LiOH ! Fe(OH). 3-06 
B—O—H and Bt O-—H. The Mg(OH), | 3-22 |; Cd(OH), 2°98 
distances between the hydroxyl Ca(OH), | 3:22 | Zn(OH), | 2°83 


Hydroxide i a 


groups in the various hydroxides 
are given in Table CLX; these ColOH) | B(OH), ‘ a 
values enable the effect of hydrogen Ni(OH), | 3:10 | 

bonding in these structures to be | 3 
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assessed, since the shorter the distance the greater is the hydrogen 
bonding. 

The salts of the oxyacids contain anions such as SO,2-, NO,-, CO,?- 
etc, and in the crystal lattices these ions exist as separate structural units. In 
Table CLXI the structure of these ions is given as determined from x-ray 
analysis. The directional characteristics of the bond in such ions have been 
discussed in Chapter 4. The structure of the salts of 1odic acid, MJO,, was 
at one time regarded as consisting of IO, and MO, octahedra, the bonding 
in the latter case being entirely ionic. The data of RoGEers and HELMHOLz* 
for periodic acid, however, has established the fact that in the crystal the 
IOj ion exists as a unit, the ion having a pyramidal structure, the O—I 
distance being 1-80 A and the O—I—O angles having a value between 96° 
and 101°. At considerably greater distances from the iodine atom there 
exist three other oxygen atoms (the values being 2°45 A, 2°70 A and 2-95 A). 
The six atoms of oxygen forma stronglydistorted octahedron. The threeshort 
I—O bonds are evidently largely covalent and the O—I—O angle is that 
characteristic for bonds. For this ion the following structure is suggested 


O- 
[2+_0- 
-O 

; : The bond between 
Table CLXI. Some Ionic Configurations Sodiné: cand. ahe-qiore 
Triangular ions (p) : distant oxygen atoms is 
NO, do,- considered to be due to 
, electrostatic attraction 
Pl ° (sp?) : ° . : 
al idea es Oe (p ee the distances being too 
great for a_ covalent 
Bala ay _ _ bond and too short for 
SO; Clo; BrO, van der Waal’s forces. 
Tetrahedral ions (sp°) : This view is confirmed 
SiO,*-  CrO,- WO,2- MoO7’- MnO, by the I—O—TI angle 
PO,?- SO, SeO.? Clog” Os _ which is much greater 
ReO, VS, AsS, SnS, BeF, BF, (114°—138°) than the 


normal valency angle of 
oxvgen. The distance between the oxygen atom of one IO,~ ion and the 
two oxygen atoms of a neighbouring ion is 2-78 A and in this triangular 
zone is located the hydrogen atom which will form two hydrogen bonds with 
the neighbouring oxygen atoms. 


O 
Oo oO 
SILICATES 


In silica and the silicates, each atom of silicon is surrounded tetrahedrally 
by four atoms of oxygen. This structure is in agreement with the tetra- 
valency of silicon and with the directional character of the four sp? hybrid 
bonds. In such an SiO, group, only one of the two valencies of oxygen 
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are used, and two possible structures may therefore exist; either the 
oxygen is present as a monovalent ion —O-, or forms a second covalent 
bond with another silicon atom. The various possible combinations of 
these two forms of oxygen are responsible for the complex structures of the 
silicates. In silica, the four oxygen atoms of an SiO, group are all bonded 
covalently to four other silicon atoms, each oxygen thereby forming a 
bridge between two atoms of silicon. An infinite network is thus built up 
and the different possible ways of grouping the SiO, tetrahedra are 
responsible for the six different crystalline forms of silica mentioned 
above. Thus in silica the coordination numbers of silica and oxygen, ziz 
four and two respectively, are identical with the number of bonds. These 
bonds, however, being between two unlike atoms, are not homopolar as 
in diamond, and in addition to the homopolar structure 


—Si—O—, the ionic state —Sit O-— 
i a 


will contribute to the resonance of the molecule. Such a structure as that 
given below, having alternate positive and negative charges, 


| | | | 
O—Sit—O- +SiI—O — Sit O-—Sit— 
| | 
O- -O O ey 
| | 
—Sit O-—+Si-O- +Si —O- Sit— 
| | | | 


would increase considerably the stability of the molecule. An indication 
that such structures do in fact contribute to the resonance of the molecule 
is given by the fact that the Si—O—-Si angle is very much greater than the 
normal value for the valency bonds of oxygen (theoretically 90°) and is 
close to 180°, the value depending on the type of lattice. The coordination 
numbers of silicon and oxygen, however, are not determined by the close 
packing of ions but by the valency of the uncharged atoms. If silicon and 
oxygen existed respectively in the form Sift and O?-, each ion would 
possess ten electrons and Bracc* has shown that this does not agree with 
the x-ray diffraction data. BracGc and West*®® have shown by Fourier 
analysis that in beryl (Be,Al,Si,O,,) it is possible to ascribe 12-47 electrons 
to the silicon atoms and 8-95 electrons to the oxygen atoms. Even though 
these results are not very accurate owing to experimental difficulties it 1s 
clear that the silicon and oxygen atoms are closer to the Sit and O7 ionic 
states than to the Sit and O2- states. In confirmation of the partial 
covalent nature of the SiO bond, Britt, HERMANN and Peters*® have 
shown that in silica the electronic density does not fall to zero between 
the atoms, as in NaCl, but only to a minimum value of 2-25 electrons per 
A?. This value is less than that to be expected if the bond were homopolar 
and on the basis of the above evidence it is fairly certain that the SiO 
bond in SiO, is intermediate between the homopolar and the ionic. 

The very great difference between the crystal structure of SiO, and 
CO, is of particular interest. Although carbon and silicon belong to the 
same group of the periodic table, the crystal lattices are quite different. 
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The CO, lattice is molecular and possesses typical properties of such a 
lattice, for example, it possesses a low heat of sublimation, as sublimation 
occurs at — 79° G. SiO, on the other hand, forms an infinite lattice in which 
there are no separate SiO, molecules and the melting point is 1,625° C. 
The energy of the single C—O bond is 75 kcals compared with the appre- 
ciably higher value for the SiO bond of 89 kcals which is the result of the 
greater electropositive character of silicon (the ionization potential of 
silicon is 70 kcals less than that of carbon) which causes an increased 
contribution from the Sit O7 ionic state. The heat of formation of gaseous 
CO, is 336 kcals and of gaseous SiO,, 322 kcals. The heat of formation 
of a molecular lattice of SiO, molecules would therefore be approximately 
330 kcals, the van der Waal’s forces being assumed to be 8 kcals, whereas 
the heat of formation of the coordination lattice is 4 x 89 = 356 kcals. 
The latter form, with the greater heat of formation is thus the stable 
modification. For CO, on the other hand the heat of formation of the 
molecular lattice, 342 kcals (heat of sublimation is 6 kcals), is greater than 
that of a coordination lattice of the silica type, which has the value 
4 X 75 = 300 kcals. 

We have already pointed out that the two forms of oxygen in which 
it is divalent, and monovalent and singly charged, are responsible for the 
wide number of silicates. The crystal of silica, in which the oxygen atoms 
are divalent form one extreme structure, and the so called orthosilicates 
in which the silicon and oxygen atoms form a tetrahedral ion possessing 
four negative chorges : 


O- O- 
SF 
Si 


YN 
Oo “Or 


forms the other extreme. In this ion the Si—O distance is 1-6 A and the 
distance between two atoms of oxygen is 2-6 A. The ions are held in the 
lattice by the electrostatic attraction with the cations which exist between 
the close packed (SiO,)4~ ions and the distance between the oxygen atoms 
of different tetrahedra varies from 2-8 to 2-9 A. Typical silicates of this 
type are Mg,SiO, and Fe,SiO,. The oxygen ions are arranged in an 
approximate hexagonal close packed structure, each silicon atom being 
surrounded by four oxygen atoms. The ions of magnesium or iron are 
arranged so that they are surrounded by six oxygen atoms. One might 
thus describe the structure of these silicates as a hexagonal close packed 
structure of oxygen ions, in which the tetrahedral holes were filled by 
silicon atoms and the octahedral holes by magnesium or ferrous ions. In 
zirconium orthosilicate a different structure arises in which each zirconium 
ion, Zr*+, is surrounded by eight oxygen atoms, four at a distance of 
2:05 A and four at 2° 4 A. 

In the silicates containing hydroxyl groups, the latter are not bound to 
the silicon atoms. For example, in enclase, BeAlSiO,(OH), there are 
independent (Si0,)4~ ions and OH™ ions. ‘Thus each aluminium ion is 
surrounded by five oxygen atoms and one hydroxyl group and each 
beryllium ion is located between three oxygen atoms and an hydroxy] group. 

In addition to these two limiting cases, intermediate structures occur in 
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which oxygen atoms may be 
shared between two tetrahedra 
(Figure 70). Thus in the ion 
(Si,0,)®- one oxygen atom is 
common to two tetrahedra : 


O- O- _ ae 6- 6- 
(Si0,) (Si,0,) (Si,0,) 
O-—Si—O—Si—O- 
VA SX 


O- O- 
In this structure the oxygen atoms esi 
are not all in identical valency 7 Oo 


states. The six outer oxygen 

atoms are singly charged and 

monovalent, whereas the seventh, 

central oxygen atom is divalent. 

Such an atom is sometimes termed (Si.0,,)"° (Si.0,.)?° 

° ° ° ° a2 6a 

inactive and in the lattice the 

cations are located nearer to the — Figure 70. Structure of silicate ions formed from 
active, i.e. negatively charged (SiO,)*~ tetrahedra 

atoms, thantotheinactive. Three, 

four or six SiO, tetrahedra may be united inring structures to form the tons 
(Si;0,)- which occurs in benitoite, BaTiSi,O0,, (Si,O,,)®- and (SigO,,) #?- 
which occurs in beryl, Be,Al,Si,0,,. The structures of these ions are 
shown in Figure 70. In addition to the cyclic structures, infinite chains of 
SiO, tetrahedra may be formed (Figure 71) such as occur in the pyroxenes, 
CaMg(SiO,),. In such a chain, each tetrahedron has two active and two 
inactive oxygen atoms and such chains may be represented by the empirical 
formula (SiO ,),2-. It is important to realize that there is no separate 
(SiO,)?- anion, the position being similar to that of the SiO, group in 
silica. The individual covalently bonded chains will be held together in 
the lattice by the cations spaced between the chains. In the amphiboles, 
e.g. (OH),Ca.Mg;(Si,0,)., two pyroxene are joined together with a 
common oxygen atom (Figure 72). In this structure, some of the SiO, 
groups have three inactive oxygen atoms and others only two, the structure 
may be represented by the empirical formula (S1,0,),°~. Such minerals 
as the pyroxenes and the amphiboles readily cleave between the chains, a 
process which does not involve the breaking of any covalent bonds. Further 
polymerization of the SiO, groups produces infinite layers in which in 
every SiO, tetrahedron, three oxygen atoms are inactive and only one active. 


esi OO ie: Oo 
Figure 71. Chains formed from (SiO,)*~ Figure 72. Sheets formed from 
tetrahedra (SiO,)*~ tetrahedra 
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Such layer type structures are present in mica, (OH),KMg,(AISi,O, 9) 
and talcum, (OH),Mg,(S1,0,9) which are characterized by the ease in 
which they split into layers. 

In the aluminosilicates, e.g. felspar, NaAJSi,O, and zeolite, NaAJSi,O,, 
the aluminium may be present in either of two forms. In the first, 
aluminium may function as a cation, with a coordination number of six 
and in the second it may replace silicon from the SiO, tetrahedron thereby 
having a coordination number of four. The first type is illustrated by the 
mineral Ca,A1,S1,0,., which belongs to a sub-group of the granites and in 
which the separate (SiO,)4~ tetrahedra are held together in the lattice by 
aluminium ions (coordination number 6) and calcium ions (coordination 
number 8). In this structure each oxygen atom has as its nearest neigh- 
bours one atom of silicon, one aluminium ion, and two calcium ions. In 
sillimanite, Al,SiO,;, the aluminium occurs in the form of cations in 
oxygen octahedra (Al—O distance 1-9 A) and also alternates with silicon 
in oxygen tetrahedra (Al—O distance 1-7 A). In the tetrahedra, the bonds 
will possess more covalent character than in the octahedra. 

Germanium oxide, GeO, differs from SiO, in that in addition to a 
quartz type structure in which the coordination numbers of germanium 
and oxygen are respectively 4 and 2, there exists a second modification 
with a rutile structure (coordination numbers respectively 6 and 3). The 
reason for the formation of the second structure is not clear, but it may 
be due to an increased contribution from the ionic form of the GeO bond. 

Ions with an infinite chain structure, analogous to that occurring in the 
silicates, are formed by the borates, e.g. GaB,O,. Each boron atom is 
surrounded by three oxygen atoms, all four atoms being in one plane. 
Two neighbouring boron atoms are joined through a common oxygen 
atom with the result that an infinite chain, having the empirical formula 
(BO,),~ is formed viz 
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which is probably stabilized by resonance involving the structure con- 
taining tetravalent negatively charged boron : 
O 


\ 
B-—O 

/ 

O B—O- 

Ss / 
B—O 

/ 

-O 


The BO distance in CaB,O, is 1-36 A; in K,B,O, the distance between 
boron and an inactive oxygen atom is 1-38 A and between boron and an 
active oxygen 1°33 A, the smaller valuc in the latter being due to the 
parual double bond character of the link. 

On cooling fused SiO,, B,O, or certain silicates, glasses are formed in 
place of the corresponding crystalline state. Glasses as distinct from 
crystals, give a diffuse x-ray pattern indicating a lack of an ordered structure. 
This arises not from a loss of the symmetry of the SiO, tetrahedra but 
from the random manner in which they are joined together. This may be 
illustrated by reference to the planar BO, group. In the crystal the groups 
are bonded together to form identical repeating units, whereas in the glass 
there exists a variety of ring structures containing different numbers of 
BO, groups (Figure 73), in which the O—B—O angle is preserved but the 
B—O—B angle may be changed. 


a 


Figure 73. (a) Tiwo-dimenstonal crystal \b) Two-dimensional glass 


The difficulty in transforming a glass into a crystal is due to the funda- 
mental characteristics of the Si—O and B—O bonds. These are covalent 
and therefore directional. A change of a glass-like structure into a crystal 
would thus involve the breaking of covalent bonds, followed by a molecular 
rearrangement and the reformation of the bonds. Such a process requires 
considerable energy of activation and therefore those bonds which already 
exist in the liquid state are retained on solidifying and in this sense the 
vlass may be regarded as a supercooled liquid. In ionic compounds e.g. 
MgO there also occurs a disordered grouping of the ions in the liquid 
and in the rapidly cooled solid. But since electrostatic forces are not 
directional a disorder-order reaction can take place vielding, at equili- 
brium, an ordered structure. Substances which may give rise to glass 
formation are those which have a three dimensional infinite lattice struc- 
ture ; orthosilicates, on the other hand, rarely give glasses*’. 
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SULPHIDES AND SOME OTHER COMPOUNDS 


In the sulphides, selenides, tellurides and arsenides, all types of bond, 
ionic, covalent and metallic occur. The compounds of the alkali metals 
with sulphur, selenium and tellurium form an ionic lattice with an anti- 
fluorite structure and the sulphides of the alkaline earth metals form ionic 
lattices with a sodium chloride structure. If in MgS, CaS, SrS and BaS, 
the bond is assumed to be entirely ionic, the lattice energies may be 
calculated from equation 13.18 and from these values the affinity of sulphur 
for two electrons obtained by the Born-Haber cycle. The values obtained 
vary from -- 71 to — 80 kcals and if van der Waal’s forces are considered, 
from — 83 to — 102 kcals. 

The type of lattice formed by a particular compound does not necessarily 
define the character of the bond. Thus, although PbS, PbSe and PbTe 
crystallize with a sodium chloride type lattice which is normally associated 
with a purely electrostatic force between the ions, these compounds possess, 
in some part, the properties of a metal®. 

Among compounds of this type, zinc blende and wurtzite structures 
often occur viz, (BeS, BeSe, BeTe, ZnS, ZnSe, ZnTe, CdS, CdSe, CdTe, 
HgS, HgSe, HgTe, MgTe, AIN, AIP, AlAs, AlSb, GaP, GaAs, GaSb). 
In these structures where the coordination number is 4, the bond is pre- 
dominantly covalent, as we have seen previously. 

The type of lattice is not always determined by the radius ratio. For 
example, the ratio of the ionic radii in CaS and CdS is identical (0-53) 
but nevertheless CaS crystallizes in a sodium chloride lattice and CdS in 
a zinc sulphide type. Similar behaviour is observed with the corresponding 
tellurides. For sulphur, nitrogen and their analogues where the valency 


state of nitrogen is sp* 
Den 


Soo N 


and of sulphur either 5°, 
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the formation of four covalent bonds is characteristic. In sp? hybridization 
four homopolar valencies are directed towards the corners of a tetrahedron, 
and the tetrahedral configuration is therefore encountered in a large 
number of nitrogen and sulphur compounds. 

The structure of zinc sulphide on the basis of an ionic bond, would 
consist of Zn2+ and S27 ions arranged tetrahedrally. The covalent struc- 
ture, however, requires the sulphur to be doubly charged, positive and 
tetravalent and the zinc to be doubly charged negative and tetravalent, 
both the Zn2- and the S?+ thereby being in an sf* valency state. The 
actual molecule will be a superposition of these two extreme states and 
although the contribution of the covalent form may be small, it does 
nevertheless determine both the configuration of the atoms and their 
coordination numbers. 

In pyrites, FeS,, it is possible to distinguish the S, group in which the 
bond distance is 2:10 A as in the homopolar bond of pure sulphur. The 
sum of the ionic radii of two S?- ions is 3-5 A. In the crystal lattice 
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surrounding each atom of iron are six S, groups, each of which is in turn 
surrounded by six atoms of iron. This structure may be pictured in 
another way. Each atom of sulphur is joined on one side to a second 
atom of sulphur in the S, group by a covalent bond, and on the other 
side there are located three atoms of iron, the five atoms thus forming a 
tetrahedral arrangement in which the coordination number of the sulphur 
is four. The Fe—S distance is 226A. Similar structures involving 
diatomic groups of S,, P,, As,, AsS and SbS are observed in marcasite 
(another modification of FeS,) and in FeAs,, FeAsS, FeSbS, PtAs,, PtSb, 
and PtP,. 

The structure of covelline, CuS, is more complicated than would be 
anticipated from its simple stoichiometric formula. In this crystal there 
are two types of sulphur atoms, the S, groups located between six copper 
atoms as in pyrites and, in addition, isolated atoms of sulphur surrounded 
by five atoms of copper, three in the form of a triangle at a distance of 
2:1g A and two, one above and one below, at a distance of 2-35 A. The 
copper atoms are also arranged in different ways, some being located at 
the centres of tetrahedra and others at the centres of triangles of sulphur 
atoms. In view of this complex structure the formula Cu,SS, has been 
suggested. The PtS crystal possesses a similar structure to the PtO crystal. 

In SiS,, each silicon atom is at the centre of a tetrahedron of four atoms 
of sulphur, and each sulphur atom is joined to two atoms of silicon thus 
forming an infinite chain in which the bonds are almost entirely covalent. 


ss : ye rh 
si” Ss si 
VA Nae Sf \ 

It is possible to distinguish three methods of joining tetrahedral struc- 
tures, 7.e. with common points as in SiO,, with common sides, as in SiS, 
and with common faces as in Al,O,. Pauling considers that a transfer 
from a common point structure to a common side structure is related to 
an increase in the covalent character of the bonds. 

From the data on the structure of crystals discussed in this chapter we 
may make the same conclusion as that reached for gaseous molecules, 
namely, that the homopolar and the ionic bond are only limiting cases 
and that actual bonds, as characterized by the distribution of the electron 
cloud may be described in terms of the relative contributions of the 
limiting structures. In the crystalline state diamond and sodium chloride 
may be taken as characteristic of the limiting structures. A satisfactory 
theory of crystals, intermediate between these extremes, will only be 


attained when, by wave mechanical! methods, it is found possible to describe 


the motion of electrons in the periodic field due to the atoms arranged in 
the crystal. 
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COMPLEX COMPOUNDS 


VALENCY STATES OF ATOMS INVOLVING d@ ELECTRONS 


THE EXPERIMENTAL evidence shows that a complex compound such as 
K,Fe (CN), cannot be regarded as a mixed crystal, g4KCN. Fe(CNn)e, since 
in solution it may be demonstrated that the ion Fe(CN),‘*~ exists as an 
independent species. In such an ion each CN group will be at an equal 
distance from the atom of iron and bound to it by an identical type of 
bond. The existence of such compounds clearly involves a valency 
greater than the classical di- or trivalency of iron and this was originally 
accounted for by WERNER by supplementing the classical valency theory 
by the idea of the coordinate bond. The modern views on the nature of 
the chemical bond, however, permit a somewhat more rigorous approach 
to the problem of complex compounds. 

A particular atom may exist in one or more valency states and so far we 
have considered only those cases involving s and f electrons, but nevertheless 
we have observed cases where the normal valency of an atom does not 
correspond to the number of unpaired electrons in the ground state, but 
to that in some excited electronic state. This occurs in divalent beryllium, 
trivalent boron and tetravalent carbon (see Chapter 2). The loss or gain 
of an electron also incurs a change of valency, as shown in the compounds 
of nitrogen, oxygen, boron and carbon. This production of new valencies 
by the transformation of the atom to a new valency state forms the basis 
for the understanding of complex compounds owing to the great number of 
possible valency states of atoms containing d electrons in the penultimate 
electronic shell. In these atoms the electrons are located in the five d orbitals 
in accordance with Hund’s rule, so that the number of unpaired electrons, 
N, is a maximum. The ground states of some atoms having d electrons are 
given in the following diagram. 


Number of unpaired electrons 
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For atoms possessing d electrons, the energy of the d and s states is very 
close and in Table CLXII are given the energy differences for various dis- 
tributions of electrons in the d and s orbitals in which the number of un- 
paired electrons in each state remains constant. In scandium, titanium, 
vanadium, manganese, iron, cobalt and nickel in the ground state, there are 
two paired s electrons and the transfer of one electron to the d shell, thereby 
pairing with a d electron already occupying an orbital, requires in the case 
of scandium the absorption of 58 kcals. On increasing the number of d 
electrons, however, the excitation energy falls as shown by the values given 
in the first row of Table CLXII, until with nickel the transfer requires the 
absorption of only 0-6 kcals, a value which is of the same order as RT. 
The transfer of both the s electrons in nickel to the d shell (d8s*->d°) with the 
pairing of all electrons, requires the absorption of 42 kcals. In platinum 
the corresponding excitation energy (d°s—>d?°) is 17 kcals and in palladium 
the d!° state is the ground state. 


Table CLXH. Difference in the Energies in keals of d and s States in Different Atoms 


Sc | Ti | 


Vv | Mn Fe Co Ni 
dsi->d?s d*s?@+d3s | d353>q45 d5s2~>d%s5 d°s2->d"5 d’s*—>d*s d®s*>d"5 
58 43 | 42 48 20 10 0:6 


Y Zr | ; Ru | Rh | 
ds*—>d?5 d252—>d85 | | d?s—>d*s2 d®s—>d7s? 
53 | 36. | at 36 
| Pt 
| : d*s—>d®s2 
| 2 
i 


In addition to the formation of new valency states by transitions between 
the s and d states, the p orbitals may also be filled, since, for example, the 
difference in the energy of the 3d, 45 and 49 levels is not great and electronic 
transitions can readily occur between these levels. Such transitions increase 
the number of unpaired electrons without involving energy changes of any 
considerable magnitude. The maximum number of unpaired electrons that 
is possible is therefore nine : five in d, one in s and three in pf orbitals. In 
addition, the gain or loss of electrons by the atom to give an ion may also 
cause a change in the valency state. The valency states of various atoms 
possessing d electrons is summarized in Table CLXIII, the number of un- 
paired electrons being given for each. 

With vanadium, owing to the existence of unoccupied d orbitals, in 
addition to the ground state d°s? in which the two electrons in the s orbital 
are paired, an excited state in which the electronic configuration is d‘s or 
d3sp is possible in which the number of unpaired electrons has been increased 
from three to five. In other neutral atoms and in ions, in addition to the 
ground state various excited states exist similar to that described for 
vanadium in which the value of NW has increased. It is interesting to notice 
that the maximum values of NV in the case of vanadium (5), chromium (6), 
manganese (7), and iron (8) correspond with the number of the group in 
which these atoms were placed in the Mendeléeff periodic table, but owing 
to the somewhat artificial nature of this grouping, there is no group into 
which chromium (g) may be placed. Chromium and molybdenum are the 
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only elements in which, in the ground state, there are six unpaired electrons. 
With these atoms, excitation of the d or s electrons to a p orbital does not 
lead to an increase of NV. Of the various possible electronic configurations 
of the negative ions, only those are given in Table CXLIII for which WN has 
a maximum value. The greatest possible number of unpaired electrons, 9, 
is achieved in Cr3-, Mn?-, Fe-, Co and Nit. In these cases the further 
addition of electrons brings about a decrease of V. Similar valency states 
are possible in the analogous atoms of the fifth and sixth periods. 

The spectroscopic data for the energies of excitation of atoms with d 
electrons to states with an increased value of NW are rather limited ; the 
available values are given in Table CLXIV. The energies of excitation of s 
electrons to the / state in scandium, titanium, manganese, iron, cobalt, 
nickel, ytterbium and zirconium are of the same order as in the alkaline 
earth elements and it is found that the energy of excitation increases con- 
siderably with the increase of the number of inner d electrons. In order to 
transform a nickel atom from the ground state to that in which NV 1s six or 
eight, it is necessary to unpair two or three pairs of electrons respectively ; in 
iron, to produce the same values of NV, it is necessary to unpair only one or 
two pairs of electrons. Furthermore, the excitation energy in the case of 
the first electron pair (Fe, d®s?>d®sp ;_ Ni, d8s*>d®sp) 1s less for iron (54 kcals) 
than for nickel (73 kcals). This evidence indicates that the production of 


atoms with six unpaired 
Table CLXIV. Excitation Energies of Atoms Containing d Electrons electrons requires more 


| Betton | | ramivon Eat energy for nickel than 


Atom | Transition energy Bee Transition for iron, thus explaining 
keals heals: why, with nickel, com- 
aaa Gu | as>a%sp ———— plexes with a coordina- 

- ao en ies ae tion number of four are 

Y erie 43 |, ou ae ae characteristic whereas 

Ti d*s2-»>d2sh 45 Sc | ds?->d?s 33 : : : 

Zr d*s2->d2sp 42 ly ds*->d?s 31 with iron the value is 

| SIX. 

Mn | d5s%»>d5sp 52 | La | ds®+d?s 8 : 

Fe d®s*>d*sp 54 | Ti d*s?@_+d35 19 : The pase of a 

Co | d's5*->d7sp 67 Zr | d*st-+d3s 14 citation Ol zinc, cad- 

Ni | d8s2>d®sp 73 V_ | d3s?-+d!4s 6 mium and mercury are 

- B25. dsp se sca ds 3 greater than those of 

n s*»> 105 g2 s*—+>d>5s . . 

Hg | d¥%s2-+d!%sp 108 barium, where there are 


no d electrons in the 

penultimate electronic 
shell, and also greater than in the case of manganese, iron, cobalt and 
nickel. The existence of compounds, however, in which zinc, cadmium and 
mercury form covalent bonds, e.g. Hg(CH3), indicates that unpairing of 
electrons must occur. 

Very little data exist on the transfer of d electrons to pf orbitals. For 
chromium the excitation energy of one d electron to a p orbital without 
change of N, d°s—d‘sp, is 71 kcals. For copper and gold the excitation 
energies for the transfer d!°s—-d°sp involving change of NV from one to three, 
are respectively 111 kcals and 129 kcals. Although these values are rather 
large, the existence of compounds involving trivalent gold indicates that 
the loss of the excitation energy is compensated by the gain of energy due 
to bond formation. 
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The low values of the excitation energy for vanadium and _ tungsten 
shown in Table CLXIV indicates that the excitation of an s electron to a d 
state requires only a very small absorption of energy. 

Directional nature of bonds involving d orbitals— The atoms of the transition 
elements may take part in both o and zw bonds in the formation of a 
compound. The number of o bonds formed by the central atom cannot 
exceed the number of surrounding atoms or groups since between any pair 
of atoms, only one o bond is permissible, but the number of o bonds may 
be less than the number of neighbours, since bonds other than the covalent 
are possible, e.g. bonds due to ion-dipole and dispersion forces. 

A very large number of complex compounds exist in which the co- 
ordination number is either six or four. By the methods of classical 
stereochemistry it was established that the coordination number of six 
corresponded to an octahedral configuration of the atoms or groups about 
the central atom and that when the coordination number 1s four the con- 
figuration was either planar or tetrahedral. More recently these configura- 
tions have been confirmed by x-ray analysis. 

It has been shown by Pautino? that six stable and equivalent a bonds 
may be formed if the electrons of the central atom are located in states 
described by a hybrid function composed of the functions of two d, one s 
and three p orbitals, generally termed d*sp3 hybridization. The six equivalent 
a bonds are formed by the overlapping of the d*sp? hybrid orbitals with 
orbitals of the surrounding atoms, and are directed towards the six corners 
of a regular octahedron. Each of the d*sp? hybrid orbitals is represented by 
an electron cloud which is almost entirely concentrated along one axis, 
thus permitting considerable overlap of the orbitals to occur. In the case 
of a coordination number of four, similar calculations lead to two possible 
linear combinations of the atomic orbitals, the first being the four sp? hybrid 
orbitals which are directed towards the four corners of a tetrahedron and 
which have been discussed in Chapter 4, and a second type of hybridization 
due to the combination of one d, one s and two p functions leading to the 
formulation of four dsp? hybrid orbitals, which are situated in one plane 
and are directed towards the four corners of a square. 

The most complete discussion of the various possible combinations of 
atomic orbitals to form hybrid atomic orbitals is that of KimBaLL*®, who 
considers the problem of directed valence from the point of view of group 
theory. The various spatial arrangements of the surrounding atoms which 
are possible are considered in turn and the hybrid atomic orbitals, necessary 
to form a o bond between the central atom and each surrounding atom, are 
derived from the s, p and d atomic orbitals. All coordination numbers 
from two to eight are considered and the results are given in Table CLXV’. 

Where the coordination number is two, linear and triangular configura- 
tions of the three atoms are possible, and Kimball’s results show that the 
former case may result from sp or from dp hybridization and the latter case 
from p?, d? or ds hybridization. In addition to a o bond between a pair of 
atoms there may be two z bonds. The axes of the 7 bonds are perpendicular 
to the axis of the o bond and perpendicular to each other. In the case of 
the linear configuration, four 7 bonds may be formed, two by electrons 
and two by d electrons. In the angular configuration, however, as Kimball 
points out, the four 7 bonds are not equivalent. If the o bonds are formed 
by two p electrons (p? hybridization), then the 7 bonds are of two types : 
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Table CLXV. Spatial Arrangement of Hybrid Bonds and Possibility of Multiple Bond Formation 


Electrons | Electrons participating in m bonds 


Coordination | Configuration of Sor ae 
} participating | 
number | o bonds ' ino bonds Strong | Weak 
Linear | Sp p?d? — 
dp p?d? = 
2 ! p? dp or d? | dor d? 
Angular | ds dp or d? | p* or dp 
| d? | 4p or d? Sp or p* or dp 
' | sp? pa? | d2 
| Trigonal plane dp* | pd? d? 
| ds pd? p? 
. 4 a ns p? 
U'nsymmetrical plane | dsp 3 pa? | pd or d? 
Trigonal pyramid p — | 4s or dé 
d*p | — | sp*d* or p7d 
Tetrahedral sps | d? ds 
| d?s dz p> 
dsp — d 
| Irregular tetrahedron ! dp _ | s 
| ! d*p : = 5 
Tetragonal plane | dsp* | d*p — 
4 : d2p3 d3p = 
Tetrazonal pyramid | d‘ . d Sp or p? 
| TeCl, configuration | p'd | d d3 
| (Cl-T—Cl in linear configu- | 
ration, other two bonds ! d*sp d d*p? 
| in planes perpendicular to | dp* d | sd3 
| this line)* 3 d* d | sp? 
| Bipyramid | dsp*® | da? d? 
7 d?sph d? | p? 
| asp q | pa 
5 Tetr agonal d‘s | d | ps 
|  bipyramid | d*p ! d | sd? 
| d‘p | d sp? 
Pentagonal pyramid d® — | sp? or p® 
Pentagonal plane d3p? | 
Octahedron | dsp | d? | — 
6 ! Trigonal prism d‘sp | — pid 
d*p | = | ps 
| Trigonal antiprism | d3p8 | _ | sd 
7 ' Octahedron with one extra | d3s5p5 | _ ! d? 
| atom in centre of face _| d5sp — : p? a 
7 | Trigonal prism with one | dsp? — dp 
| extra atom at centre of | d*p? — ds 
| one square face | d5p3 — ps 
| Dodecahedron | d‘sp$ d — 
8 Antiprism dps — 5 
| Face centred prism (only two | d®sp3 p — 
| square faces occupied) | 
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two 7 bonds are obtained from one d and one f electron, or from two d 
electrons, whilst the remaining two mw bonds, which are weaker, are formed 
by either one d and one s electron or by two other d electrons. 

With a coordination number of four, the tetrahedral configuration arises 
by the formation of 53 or ds hybrid orbitals. The remaining electrons 
form m bonds which may be strong (a? hybridization), or weak (d? or p3 
hybridization). The planar configuration, due to either dsp? or dp? 
hybridization may have four stable 7 bonds between the central atom and 
the surrounding atoms, depending on the number of available electrons. 


MAGNETIC CRITERION OF BOND TYPE 


The investigation of the magnetic properties of compounds gives information 
concerning the valency states of the individual atoms in the compound. 
Before dealing with the magnetic properties of complex compounds we shall 
discuss briefly the magnetic properties of simpler compounds. 

When any substance is placed in a magnetic field a magnetic polarization 
is produced which may be represented by 


J=%=uM .... (14.1) 


where 7 is the magnetic moment per unit volume and M is the magnetic 
moment of the atoms, molecules or ions forming the compound. For reasons 
which will be apparent later the polarization may either oppose or augment 
the applied field, the substance being termed diamagnetic or paramagnetic 
respectively. In addition to these two main classes, certain substances in 
which the paramagnetism 1s very strong are termed ferromagnetic. Ferro- 
magnetism is not a molecular or atomic property but a property of the 
crystal and will not concern us here. In paramagnetic and diamagnetic 
substances 7 is proportional to the strength of the applied field H, 


J =XH .... (14.2) 


The proportionality coefficient X is termed the magnetic susceptibility and 
in paramagnetic substances has a positive value whereas in diamagnetic 
substances it is negative. In order to indicate the order of magnitude of the 
magnetic susceptibility in the three types of magnetism, the diamagnetic 
susceptibility of water per gm is — 0°72 X 1078 ¢.g.s units, for the para- 
magnetic susceptibility of copper sulphate the value + 6 x 10-* c.g.s units 
has been obtained, and for ferromagnetic substances the value is of the 
order of + 40 c.g.s units. 

On the basis of classical theory, the motion of an electron in an orbit 
around the nucleus will give rise to a magnetic moment and as shown by 
LANGEVIN, the presence of an external magnetic field will exert an accelerat- 
ing influence on the electrons and results in the formation of an induced 
magnetic moment directed against the applied field. A quantum mechanical 
derivation leads to the same expression for the diamagnetic susceptibility 
as the classical treatment. It will be evident that diamagnetism will be 
inherent in all substances irrespective of whether they are also para- or ferro- 
magnetic. 

PascAL® has attempted to account for the diamagnetic susceptibility of 
organic compounds by considering it as an additive quantity in a similar 
manner to induced electric polarization. The data show that the addition 
of the same group to different molecules often changes the diamagnetic 
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Table CLXVI.  Additivity of Diamagnetic susceptibility by the same amount (Table 


Susceptibilities CLXVI) and Pascal suggested that the 
diamagnetic susceptibility of a molecule 

Substance — 108% | Difference is equal to the sum of the susceptibilities 
_-—__————_|——— | _ of the individual atoms constituting the 
a aera ae } 1771 molecule. However, in order to produce 
agreement between the calculated and 

Acetone .. .. | 33°7 \ observed values it was found necessary to 
Chloroacetone .. | 50°9 ‘7°? introduce additional constants for double 


Rinsies and triple bonds and for other structural 
a 55'1 4 : 
Trichlorobenzene .. | 106°5 hs x 171 factors. The relative magnitude of these 
| structural constants compared with the 
molecular values was much greater than 
in the analogous case of molecular refractions and furthermore, many more 
structural factors were found to be necessary. For example, a constant 
had to be introduced for the group CH,=CH—CH, (4:5 x 107* c.g.s 
units) in cyclohexene and in cyclopentene. Different increments were 
necessary for halogen atoms in mono-, di- and polyhalogen derivatives 
since if only one value is assumed for the chlorine atom, the deviation from 
additivity is found to be: in CH,Cl,, 9g per cent ; CH,Brg, 10 per cent ; 
CH,I,, 7 per cent; CHCl3, 19 per cent; CHBr,, 25 percent ; C,Cle, 
17 per cent ; C,Bre, 31 per cent and CBr,, 32 per cent. These observations 
tend to show that there is little evidence for considering the diamagnetic 
susceptibility as an additive quantity in the same sense that additivity 
occurs In molecuiar refraction. An alternative system of addition of atomic 
and group diamagnetic susceptibilities suggested by GRay and CRUICKSHANK® 
is equally unsatisfactory. 

In paramagnetic substances, the atoms or molecules possess a permanent 
magnetic moment, which are oriented in the external magnetic field. As 
in the orientation of permanent electric dipoles, the orientation is opposed 
by the thermal] motion of the molecules and atoms. The classical theory of 
paramagnetism was developed by Langevin and was later applied by 
Debye to the case of electrical polarization. The application of quantum 
mechanics to the problem introduced certain modifications to the theory of 
Langevin, the most important being that only certain limited orientations 
are permissible. The total susceptibility of a substance is thus composed of 
the diamagnetic susceptibility 7, which is a property of all substances, the 
paramagnetic susceptibility 7, which is dependent on the temperature, and 
an additional paramagnetic susceptibility 7, independent of temperature 
and conditioned by electronic excitation. We thus have 


X= Xa +xut xr . (14.3) 
The value of the paramagnetic susceptibility in those molecules and atoms 
possessing a permanent moment is much greater than that of the 
diamagnetic susceptibility. The diamagnetism, although present, is thus 
invariably more than compensated by the paramagnetism and all such 
substances have a resultant paramagnetic susceptibility. Sometimes, 
however, é.g. KMnO, where x, = 0, x, may be greater than 4, and the 
substance possesses a small paramagnetic susceptibility which is independent 
of temperature. 
The paramagnetic susceptibility may be attributed almost entirely to the 
electrons since the magnetic moments of the nuclei are relatively so small 
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that to a first approximation they may be ignored. The electric inoment of 
the electrons is due in part to the spin magnetic moment and in part to the 
magnetic moments associated with the motion of the electron relative to 
the nucleus. Since in Bohr’s theory the electrons were represented as moving 
in definite orbits, the latter quantity is frequently referred to as the orbital 
magnetic moment. 

On the basis of the Bohr theory the orbital magnetic moment may be 
obtained in the following way. The electron, during rotation about a closed 
orbit, is equivalent to an electric current, ev, where v is the number of 
rotations of the electron in the orbit per second and ¢ 1s the electronic charge. 
For such a system, the magnetic moment will be equal to the product of 
the area of the orbit, 77*, and the current flowing, 1.e. 


p= mrev ....(14.4) 
We also have the angular momentum 4, given by 
p = mor aves CVASS) 
and also that 
v = 2avr Swed (1420) 
From which it follows on combination of equations 14.5 and 14.6 that, 
p = 2amvr? «oe (TAL) 
Then from equations 14.4 and 14.7 
p/p = e/2m Bere (14.8) 


The angular momentum of the electron may, however, only have the values 
given by 


b= Vil +1).h/2a, where 1 = 0,1,2,3,.... 9 .... (14.9) 
Combining equations 14.8 and 14.9 we obtain 
w= VT + 1) -eh[4am = Vil + 1)- bs .... (14.10) 
or on transfer to electromagnetic units, 
w= VIL + 1). eh/4ame saaeClaer®) 


The term eh/47m, generally denoted by ps, is termed the Bohr magneton. 
The value of py is 0-9273 X 107” ergs/gauss. 
The spin angular momentum of the electron 1s given by 


ba = Vs(s + 1).h/20 = V3.h/40 »..- (14.12) 
The spin magnetic moment of the electron will be, 
pa = 2Vs(s +1). py = V3-u5 ...- (14.13) 
thus 
Hs/Ps = e/m .... (14.14) 


i.e. twice the value given for the corresponding ratio for the orbital moment 
in equation 14.8. 

In an atom with WV electrons there are 2V magnetic vectors (spin vectors 
and WN orbital vectors). ‘The resulting spin magnetic moment will be 


Me = V45(S + 1)-Hs 2... (14.15) 


where S is the resultant spin quantum number, i.e. S = | Zs], 1/2 for one 
electron, for two electrons with antiparallel spins 0, or with parallel spins 1, 
for three electrons 1/2 or 3/2, elc). The resultant orbital magnetic moment 1s 


vy = VL(L + 1)-He .... (14.16) 
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where L is the resultant orbital quantum number. If, for example, there 
are two electrons with quantum numbers /, and /,, then ZL may assume any 
integral values from (/, + /,) to (1; — /,), and similarly for more than 
two electrons. 

The resultant spin and orbital angular momenta are coupled, employing 
the method of Russe, and SAUNDERS, to give a total angular momentum 
characterized by the quantum number 7 which may assume the values : 


(L+S), (L4+S—1), (L4+S—2), +--+ (L—S-+2), (L—S+1), (L—S) 


For example, if L = 2 and S= 3/2, J may have any of the values 7/2, 
5/2, 3/2 and 1/2. 
The resultant magnetic moment of the atom is given by 


Hz = EV F(F +1)-h beau Lae) 
where g is termed the splitting factor for which Landé deduced the 
empirical relation : 


yg WFAN +S +N -LL+D 


oo 2H F 1) 
oo. (14.18) 
The resultant angular momentum is 
by = VF(F + 1)-h/2m ...-(14.19) 
and 
Hz /bz = ge/2m +s. (14.20) 


It will be seen from equation 14.18 that when L = 0 te. when the magnetic 
moment is due only to the electron spin, 

g=2 woe. (14.21) 
and when S$ = 0 and the magnetic moment is due only to the orbital motion 
of the electron 

g=1 » ++. (14.22) 

The ratio of the magnetic and mechanical moments may be determined 
experimentally by means of the gyromagnetic’ effect (SucxsmrrH®, by 
rotation during magnetization and BARNETT’, by the converse method, of 
magnetization by rotation). If for a particular substance this ratio is found to 
be equal to e/m, the paramagnetism will be due entirely to electron spin ; 
if the ratio has the value ¢/2m, the paramagnetism will be due to the orbital 
motion of the electron. Intermediate values will indicate that the magnet- 
ization of the substance is determined partly by spin and partly by the 
orbital motion of the electron. In all atoms with completely filled electronic 
shells, both S and L will be zero since all the electrons will be paired, hence 
J = 0 and the atom has no permanent magnetic moment. 

Atoms and ions with unpaired electrons will possess constant magnetic 
moments. The paramagnetism is due in every case to the incomplete 
electronic shell, since the completed inner shells in which all the electrons 
are paired cannot contribute to the magnetic moment. By means of equation 
14.17, using the appropriate values of L, S and 7 it is possible to calculate 
the moments of atoms and ions containing unpaired electrons. We are more 
interested here, however, in the magnetic moments of molecules rather than 
of atoms and ions ; in a very large number of molecules the resultant 
magnctic moment is zero owing to the complete pairing of the electrons and 
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the only compounds which we have so far discussed which are paramazneac 
are nitric oxide, the free radicals and molecu 2r oxvgen 'O),). 


Compounds incorporating elements of the trannaon, lanthancr or actner 
groups which contain @ or fel Ms, DOSSeSS Permanent magneuc momects. 


For example ferrous chloride, FeCl, is Daramasnenc. ae fOS) Gl0me. 3s 
the ground state contains four unpaired electrons ; in dideren: ionic states 
this may increase, but in aa there ere only swo Fe—Cl boads ard oa 
che formation of these bonds, whatever their characier 2. Wdic, covaien: 
or intermediate, only two of the four unpairec eleccrozs are usec. [Iv the 
bonds are ionic, two electrons will be transferred fom an atom of tron to 
two chlorine atoms to form two Cl~ tons with 2 completed eteccmomie shen 
If on the other hand the boncs are covalen:, two electrons fom whe s:om of 
iron would form electron pairs with unpaired eleccrons of the chlorine a:oms. 
Thus, whatever the nature of the bond, two eleccroms oF the atom of iron 
are excluded from contributing towards the magmeuc moment ci ie gram. 
Such a state of the iron 2tom, where two of the electrons are emploved in 
bond formation, we shall designate i Tre two remaining unpairec 
electrons are responsible for the magnetic momen: of the molecule. 

The magnetic moment of ferrous aaigede must O2 compared with the 
calculated moment of the atom of iron containing only mo unouirec 
electrons, i.¢. with the calculated momen: of the Fe?~ ion. I: mus: be sessed 
again that the 2 agreement which ts obtained Coes not indicate that the Donc 
in FeCl, is tonic; the comparison only permis us to estabush the number 
of unpaired electrons in the molecule. The same :s true of tine chords. 
which its diamagnetic. In the covalen: selecoeaa! seas the Two umpaire 
s and p electrons of Zn ,a™se participate in covalent bond formation: ir 
the ionic structure both ions Zn*- ,¢*9, and Cl- are diamammecic. In cercain 
instances the magnetic data does permit 2 conclusion to be made regarding 
the nature of the prevailing bonds. For example in the cove ree coer etgoas 
of PrCl., the two unpaired electrons in the ground state of plaumum = 2*s 
become paired so thar the substance would ‘be diamagnetic. In the ionic 
structure, the ion Pr?~ (4? is formed, which in is grou mee sczie wil nave 


two unp aired electrons. The formacion of the diamagneane Pr? ton in 
which zl the eight ¢@ electrons are paired, would involve ch eles Senéary 
and this state ts therefore less probable. The expernmental magnetic 
properties of PrCl, show oo. Cryvil. Magetic Maurer of She Suiphotes of te 
that it is dia amacnetic 2 and Lentieeses. in BSedr mecvtes : 
hence thecovalent structure - 
represents the actual state ; Eew mip nanny | DENT 
of the molecule. Similar “" JSS er 7 *=n 35-7 TEA 
examples are observed in, ——-——_____ > : - 
the complex compounds to Cex f r= 3 Se m54 "rss 
be discussed later in this fm a . es 2S 
chapter. Seu r Nt $ &2 ry rae 

The magnetic moments Ec= ° $ 3 0 9 38 
of the sulphates of the lan- Ys é te gs 6 ae = 
thanons have been meas- = . ee I> 35 
ured and the experimental i - i 
values are compared with Bh hi te eee Ss ee 

cS p33 - & 

those calculated by equat- *t& C oe Se ee +3 aS. 


1on 14.17,in Ladle CLAP TI. 
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The agreement in the majority of instances is very close and it should 
also be pointed out that the values of the Landé splitting factor, cal- 
culated by equation 14.18 and determined experimentally from gyromag- 
netic measurements are in good agreement (Table CLXVIII). For an explan- 
ation of the discrepancies occurring between the experimental and calculated 
Table CLXVII Lands Values for samarium and europium the appropriate 
Splitting Factor from ™onographs* should be consulted. . 
Gyromagnetic Effect The position is rather more complicated with the 
—_—___—_——— transition elements of the fourth period for which data 
Atom| calc | exp are given in Table CLXIX. The agreement between the 
— experimental values and those calculated by equation 
Nd™! 0-73 ‘0-78 14.17 is not good, but when it is assumed that the magnetic 
Gor 208 | pee moment is due only to the electron spin and the moments 
Dy 13?) 3° are calculated by equation 14.15, the agreement is more 
satisfactory. It would thus appear that the magnetic 
moment of these atoms 1s due only to the spin magnetic moment and that 
the contribution from the orbital motion of the electron has been quenched. 
This is generally attributed to the influence of the fields of the neighbouring 
molecules, atoms or ions. In the case of the lanthanons, the f/ electrons lie 
sufficiently deep in the atom to be effectively screened from the influence of 
the fields of neighbouring ions and the total magnetic moment is given by 


Table CLXIX. Magnetic Moments of Salts of Transition Elements, in Bohr Magnetons 


| < | 
| arab Number of ! a " Ha= 
configuration | ss .na; 7a 
Atom |" of unfilled wpawed | § LF | eVHF+1) apemme’ | W4S(S¥2) 
a, electrons | | 
| 5 | 
— |__|, —__.______ 
Mn? | d 1 1/2| 2 | 3/2 1°55 | BeMno! 1-80 } 73 
Vu | d? 2 ae ey 1-63 on 
| 


CrCl,, 3°81 
Cr,03,7H,O, 3:85 3°88 
2KCIMnCl,, 3°89 


Mn,(SO,)s, 5°19: 
ao, 2 { Maoh, cao } ae 


MnCl, 565-5'92 
o | 5/2 5°91 MnSO,, 5°90 591 
Fe,(SO,)3, 5°86 


d‘ 4 2 


FeCl, 5°23 
st ee 6-76 { FeSO,, 5:26 s 4°90 


CoC},, 5°04 : 
CoSO,, §°04-5'25 } gee 


— NiC),, 3°24-3°42 : 
3.) 4) Sr {: NiSO,, 3°42 2°83 


4 
| 
| 
sae d° 5 | 5/2 
| 
I 


Co? d? 3 3/2 


wo 
Te) 
Oo 
re) 
scl 
H 
ee) 
ati 


$9 
E 
| 
i~ a 
oe 
[e\) 
[é\) 
~~, 
i) 
oo 
Oo 
io) 
~J 
© 
oo ae 


Cur d° 1 |a/2| 2 |5/2] 3°56 { eGo s 1°73 


® Subscript s indicates that value has been obtained from measurements made in solution 
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the sum of the orbital and spin moments. With the transition elements the 
d electrons form the outermost shell and interaction with neighbouring ions, 
leading to the quenching of the orbital moment, is apparently almost 
complete. ~The discrepancy between the experimental values and those 
calculated assuming complete quenching of the orbital moments, is greatest 
in Co", Ni" and Cu”. This difference is dependent on several factors such 
as the nature of the surrounding atoms or groups and, if measured in 
solution, on the concentration. The magnetic moments of Ni and Cu" are 
decreased on complex formation”, approaching more closely the theoretical 
values calculated on the basis of complete quenching of the orbital moments 
(from 3°42 to 3-0Qus for Ni” and from 2°01 to 1°85, for Cu”). 

In the majority of instances, it will be evident that the magnetic data 
permit the number of unpaired electrons to be determined!!. The salts of 
cobalt are an exception since the moment for CoCl,, which must contain a 
considerable contribution from a moment due to the orbital electronic 
motion, has a value not only greater than three, but also greater than four 
unpaired electrons calculated on the basis of spin moments. In the complex 
compounds of cobalt, where evidently there is the same number of un- 
paired electrons as in CoCl,, the magnetic moments vary considerably 
(e.g. Co(N,H,4)o(CH;COO),, 4:56u43; Co(N,H,).Cl,, 4:93 us ; 
Co(N.H,).5O3H,O, 4°31 4s; Co(NH3),.Cly, 5°3 ua). 

The magnetic data indicate the nature of the atomic or ionic valency 
states in atoms containing a number of unpaired electrons (Table CLXX ). 
In compounds of chromium, for example in CrCl,, three electrons are 
employed in bond formation leaving three which, from the value of the 
magnetic moment, are unpaired. The original configuration of the atoms 
with six unpaired electrons is therefore d°s. In other compounds of chromium, 
more than three electrons may participate in the bonds, thus the ion CrO,?— 
may be represented by the following structures between which resonance 
occurs : 


O- O O- O O- O- 
\_4 \_4 ee A 
Cr Cr+ Cr2+ 
fe N wo ™X YN 
O- O O- O- O- O- 
six Structures Sour structures one structure 
I II UI 


In these structures all the six electrons of chromium are employed in 
bond formation. In the covalent structure J, all the bonds are homopolar, 
in the other structures electrons have been transferred to the oxygen atoms, 
pairing with the electrons of the latter. The tetrahedral configuration of this 
ion indicates that four o bonds are formed with d’s hybrid electrons and 
bonds are formed with the remaining d electrons (Table CLXV). The other 
elements of the same group, viz, molybdenum and wolfram, give halides 
set = five or six halogen atoms (MoCl,, WI,, MoCl,, WBr,, MoFsg, 

aye 

The manganese atom possesses seven unpaired electrons (d°sp) which indi- 
cates that the atom is in an excited state compared with its normal ground 
state (d°s). All seven electrons are employed in bond formation in KMnQ,, 
whereas in K,MnQ,, only six electrons are so used and there remains one 
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Table CLXX. Electronic States of Atoms in the Original State unpaired electron. In 


and in Complex Molecules MnCl, there are four bonds 

Numberof : Numbep op Nabe of and three unpaired elec- 

Compound | electrons | unpaired | unpatred trons, in MnCl, three bunds 

| occupied in | electrons | electronsin and four unpaired electrons 

| bond formation | | initial state and finally in MnCl, two 

CrCl, 3 i electrons participate in 

Cr Mod K:CrOs | 6 ! S 6 bonds and five remain un- 
2 OY MoF, 5 yo paired. 

MoF, | 6 o The iron atom has four 

MnCl, | 2 : unpaired electrons in the 

MnCl, | 3 4 ground state d°s* and also 

Mn Nat 4 3 7 in FeCl,. This indicates 

n I t 
KAinO,! ; : hat the valency state of the 


ion in FeCl, is d®*sp and of 
FeCl, 3 4 6 the six unpaired electrons 
Fe, Os {Fech | 3 5 ‘\ 9 two are employed in bond 
OsF, 8 o formation. In FeCl, in 
oe SS””:CO addition to the three elec- 


CoC! 2 ! 5 : : 
Co { Goa | 3 4 so 6| 7 ag 9 trons used in the formation 
— SS Of bonds, there are fivein- 
Ni, Pt J NIC ° ; 4 paired electrons, showing 
, PrCl, 4 O 
oon ee Ua the: valency. state-of 
CuCl] oO | I iron in FeCl, is d°sp*. In 
Cu, Auy CuCl, 2 : | 3 osmium, which also has the 
AuCl, 3 fo) 


same valency state as iron 
in FeCl,, all eight elec- 
trons are used in bond formation in OsO, and OsF;,. 

If we assume that the magnetic moment of CoCl, corresponds to three 
unpaired electrons (see above), then cobalt is in the d‘sp state in CoCl,. 
In Co™ compounds, the magnetic moment corresponds to 5 or 7 and the 
number of unpaired electrons is not certain, being either four or six. The 
cobalt atom is therefore in either the valency state d°sp* (NW = 7) or d°sp3 
(NV = 9). With nickel and platinum compounds, the valency state in 
compounds is generally that in which there are four unpaired electrons, 
dsp. In NiCl,, two of these are employed in bond formation and two 
remain unpaired. In PtCl, all four unpaired electrons are employed in 
bond formation. 

With copper, two types of compound are characteristic, a diamagnetic 
form, e.g. CuCl and a paramagnetic series CuCl,, CuSO, etc. In the first 
group only the single unpaired s electron of copper (d°s) forms a chemical 
bond. In salts of divalent copper (d°sp) only two of the three unpaired elec- 
trons are used in bond formation, presumably the s and p electrons, whereas 
the third d electron remains unpaired and is responsible for the paramagnet- 
ism of these compounds, These examples show that in many compounds of 
elements containing d electrons, a number of electrons remain unpaired. 
In atoms containing only s and f electrons, or a completely filled and screened 
d Shell, the unpaired electrons almost invariably bring about bond formation 
with other atoms, so long as this leads to a considerable gain in stability. 
Molecules with unpaired electrons are, therefore, only comparatively stable 
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when additional stabilizing factors exist. This occurs, for example, in the 
organic free radicals of the triphenylmethyl type in which stabilization 
is caused by delocalization of the unpaired electrons and by the resonance 
of a great number of structures. 

The compounds of the transition elements containing unpaired d electrons 
may be regarded as a particular type of free radical and the question arises 
as to how these molecules are stabilized. We consider that this behaviour 
may be explained on the basis of intra-atomic resonance. In the same way 
that electron transfer may occur between different atoms, so also will there 
be transfer of the electrons between the different electronic levels of one 
atom. In the former instance the exchange integrals are negative and the 
transfer of electrons with antiparallel spins leads to a decrease of the energy 
of the system and with parallel spins to an increase in energy. Within the 
atom, however, the exchange integrals are positive and the transfer of electrons 
with parallel spins gives stability to the atom!*. On the formation of 
chemical bonds the nature of the intra-atomic resonance may change. If 
an unpaired electron of the atom enters into bond formation with another 
atom, the system gains energy and the conditions for resonance within the 
atom may be less favourable. The explanation of the preservation of un- 
paired electrons in simple and complex molecules evidently lies in this 
concept. The formation cf bonds will occur only if the energy gained 
compensates for the loss of energy of intra-atomic resonance. In compounds 
containing d electrons a number of factors exist which tend to decrease the 
bond energies. First, the electrons of the surrounding atoms are repelled by 
the many non-bonding electrons of the central atom (the number of outer 
electrons not taking part in bond formation in an atom ofa transition element 
is greater than in bonds formed by s and # electrons). This will result in a 
lowering of the bond energy. Secondly, there occurs a repulsion between the 
electrons of the coordinating atoms, which is increased if the interatomic 
distance between the central atom and a coordinating atom is small and if 
the latter are themselves large. This second factor is evidently the explana- 
tion of why high valencies generally occur with fluorides but not with other 
halides, and with the atoms of the fifth and sixth periods but not of the 
fourth, e.g. molybdenum and wolfram give MoF, and WF, and OsF, 
exists, but FeF, and OsCl, do not occur. The formation of multiple bonds 
decreases the effect of the steric factors. For example, chromium is hexa- 
valent only in CrO,?-, where it is necessary to arrange only four atoms 
round the central atom. It should be pointed out, however, that the six 
electrons of the chromium atom in the d°s state do not form six equivalent 
o bonds, but invariably form multiple bonds, e.g. four o and two zm bonds, 
as in CrO,?-. Only by this means can the six electrons be employed in 
bond formation. In this connection the data of BRAUNE and PinNow!}® are 
interesting. These show that in WF, and MofF, the fluorine atoms are not 
arranged in a perfect octahedron but the arrangement round the central 
atom is distorted. The fluorine atoms may be separated into three groups 
arranged at different distances from the central atom. Ewens and Lister", 
however, have shown that the chlorine atoms in WCI, form a regular 
octahedron and in MoCl, a regular bipyramid. The problem of the 
equivalence of the bonds in such molecules still requires further 
investigation. 
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METALLIC CARBONYLS 


None of the metallic carbonyls are paramagnetic, a fact which indicates 
that all the unpaired electrons existing in the ground state of the metal are 
paired in the molecule. The pairing of electrons could come about in two 
ways, elther by the pairing of the electrons in the d orbitals of the atom, 
or by the formation of chemical bonds with the carbon monoxide molecule. 
However, spectroscopic data show that the pairing of electrons in the atom 
requires considerable excitation energy, e.g. the pairing of two electrons in 
iron requires 59 kcals, in cobalt 47 kcals, and in nickel 38 kcals. These 
values are greater than could be compensated for by van der Waal’s 
attraction between the central atom and the surrounding CO groups and 
since the diamagnetic properties of the carbonyls also confirm that such a 
method of bonding is not possible, it is therefore concluded that covalent 
bonds are formed between the metal and the CO groups. Electron diffrac- 
tion data show that in the metallic carbonyls the carbon and not the 
oxygen is bonded to the metal atom. 

We have already shown that the carbon monoxide molecule may be 
represented by the following structures among which resonance occurs : 


C=O C-=Ot Cc+—O- 


and it is to be expected that in the carbonyl, the metal atom will participate 
in the resonance by virtue of the existence of different valency states. Thus 
the CO group may form a double bond with the metal atom by the pairing 
of two electrons of the metal with two electrons of carbon, J: 
| M=C=O 
I 


In addition to this structure, the CO group may donate one electron to the 
metal thereby permitting the structure to be 
M-—C=O+t M-—C*+=O 
II III 


The bond between the metal atom and the carbon atom may be considered 
as formed by two electrons from the carbon atom, which thus move in the 
field of two nuclei. The carbon and oxygen atoms may also exist in the 
singly charged negative trivalent and singly charged negative, monovalent 
states respectively, thus leading to the structures : 


M+—C-=O M+=C—O- 
IV V 
and the much less probable structure, 
M*+—C—O- 
VI 


involving a divalent carbon atom. In these structures the metal atom con- 
tributes either one or three electrons to a covalent bond and also donates 
one electron to the carbon or oxygen atom. In the metallic carbonyls all 
the above structures /-V/ contribute to the resonance of the molecule and 
the numbers of electrons contributed to the bond by the metal may be 
summarized as follows: zero in structures JJ and [JJ where an empty 
orbital is occupied by electrons from the carbon atom ; 2 instructures J, /V 
and VJ; and 4 in structure V. 
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The formula and bond distances of the metallic carbonyls are given 
below, the latter being obtained from electron diffraction data. (Compounds 
of the alkali and alkaline earth metals with formulae of the type K,(CO), 
have been shown to be phenolates of hexahydroxybenzene.) 


Cr Mn Fe Co Ni 
Cr(CO), unknown Fe(CO) ; Ni(CO), 
Cr—C Fe—C Ni—C 
192A 1:84 A 1:82 A 


Fe,(CO), Co,(CO), 
Fe;(GO) 12 Co,(CO) 12 


Mo Tc Ru Rh 
Mo(CO), unknown Ru(CO), 
Mo—C Ru,(CO), Rh,(CO), 
2-08 A [Ru(CO),], [(Rh(CO)s], 
W Re Os 
W(CO), Os(CO), 
W—C 


206A  —_ Re,(CO),) Os,(CO), 


Although those metals which contain in the atom an even number of 
outer d and s electrons (Cr, 6; Fe, 8; Ni, 10; Mo,6; Ru, 8; W, 6) 
give carbonyls, it is interesting to notice that Mn, Tc, Re and Co which 
contain an odd number of d and s electrons in the atom do not give carbonyls 
containing only one metal atom in the molecule. 

The MCO group of atoms in the carbonyls is linear, as would be expected 
from the multiple nature of the bonds shown in structures J to VI. The CO 
distance is 1-15 A compared with 1-13 A in the carbon monoxide molecule. 
According to the data of ANDERSON, the Raman spectrum of Ni(CO), shows 
the presence of a frequency at 2,038 cm~! which evidently corresponds to 
the vibration of the CO group. In carbon monoxide the frequency is 
2,158cm 7! and the decrease of the frequency in the carbonyl group 
is evidently an indication that in the carbonyls, the contribution of the 
structure with the triple bond is smaller than in the carbon monoxide 
molecule. This conclusion is in agreement with the slight lengthening of 
the CO bond as indicated by the data given above. 

The values of M—C distances given above are, as pointed out by Pauling, 
about 0-1 to 0-2 A less than the sum of the covalent radii for single bonds. 
From this it is concluded that the M—C bond has some multiple bond 
character. Although this is evidently correct, the evidence based on the 
summation of covalent radii must not be regarded as of great significance. 

The heat of formation of Fe(CO), in the gaseous state from gaseous Fe 
and 5CO, is 138 kcals and for Ni(CO), from N: and 4CO in the gaseous 
state is 121 kcals. These data give for the M—CO bond the value of 28 to 
30 kcals. The actual bond energy is probably greater, since the energy of 
the CO bond in the carbonyl group is probably less than that in the free 
carbon monoxide molecule, i.e. the CO group in the molecules M(CO), 
possesses more carbonyl character than in carbon monoxide. In addition, 
the bond energy as determined from the heat of formation will be low, 
since in the formation of the carbonyl, the metal atom has been raised from 
the ground electronic state to its valency state. 
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The nickel atom possesses ten outer electrons and of these a maximum 
number of eight may be unpaired. Nickel forms a tetracarbonyl, Ni(CO),, 
the four CO groups being arranged tetrahedrally about the central nickel 
atom ; four o bonds are therefore formed involving either sp? or d°s hybrid- 
ization. The structure VJJ is therefore possible in which the nickel atom 
makes four double bonds with the carbon atoms : 


O O 
\ o 
Cc C 


\u7 
oN 
Cc Cc 


Vil 


In addition, the structures VIJI and LX, in which a distribution of charge 
occurs, must also be considered. 


| 7 
O+=C—Ni=C—O- aca | i=C—O- 
| I 
O-—C=Ni—C=O0Ff O-—C=Ni—Ct=O 
l 
Vill IX 


Other possible structures for nickel carbonyl are X, in which the nickel 
is positively charged and employs nine unpaired electrons in bond formation : 


\ / 
Cc C 


and XJ and XII in which the nickel atom, having accepted one electron 
from a carbonyl group, possesses seven unpaired electrons : 
O Ot 


‘O 
No 7 No of 


\ 7 NL. 
Ni- Ni 
cf ‘\ a C 
Bn \ 2 we ‘\ 5 
XI AIT 

360 


COMPLEX COMPOUNDS 


KIMBALL? has pointed out that with the tetrahedral configuration, only two 
strong m bonds are formed (Table CLXV) and he therefore suggests the 
structure A/I/ as being perhaps more stable than the other structures which 
involve three, four and five 7 bonds 


O+ O 
i Va 


N 
uf \ 


XIII 


It is clear, however, that the structure of the Ni(CO), molecule is a resonance 
hybrid of several structures in which varied localization of 7 bonds and 
of charges occur ; the valency state of nickel varying in the different struc- 
tures from six to nine. 

In compounds of elements involving d electrons our understanding of 
the term valency must be somewhat modified. In simple molecules, involving 
only s and # electrons, e.g. H,O and NHsg, it is possible to consider the 
oxygen as being predominantly divalent and the nitrogen as trivalent, in 
spite of the fact that resonance occurs with other states in which, for example, 
the oxygen atom may be negatively charged and monovalent. This is due 
to the fact that in these compounds the contribution of the other structures, 
although significant, is relatively small. With the transition elements, 
however, the position is different. The structures with 9, 8, 7 and 6 valent 
nickel in Ni(CO), evidently vary little in their relative stabilities and it is 
impossible to assign one dominating structure to the compound. We cannot, 
therefore, consider a particular valency as being typical for nickel, but must 
consider a range of valencies. 

All eight of the outer electrons of iron and ruthenium may be unpaired 
(d°sp). This makes it possible for each atom to link with four CO molecules. 
However, there still remains an empty # orbital which permits a fifth CO 
group to form a bond of .he type 


~Fe—C=Ot 
on account of the lone pair of electrons in the CO group. Therefore in 


iron pentacarbonyl, or ruthenium pentacarbonyl, the five structures AJV 
will predominate. 
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Structures with an octavalent neutral iron atom : 
Ot O 
S / 
C 


/ 
Fe 


s 
O\VN 
C C 


are less probable in view of the negative charge being located on the carbon 
atom and not on an oxygen atom. 

In addition, resonance can occur in the pairs of double bonds and 
structures XV and XVI will contribute to the structure of the molecule. 


\F aod 
sie and ian: amelie 


AV XVI 


The five CO groups in iron pentacarbonyl form a bipyramid, three CO 
groups being arranged around the Fe atom in a plane with one CO group 
above and another below the plane of the triangle. All five CO groups are 
equidistant from the central atom, and the dipole moment should be zero. 
The value of 0-€ to 0-8 D reported by BERGMANN and ENGEL} and by 
GRAFFUNDER and HEYMANN!%, is probably due to atom polarization as in 
symmetrical trinitrobenzene. 

In addition to Fe(CO), iron forms a carbonyl with the formula Fe,(CO),. 
The configuration of the molecule has been established by Powe i and 
Ewens!’ by a detailed x-ray crystallographic study and is shown to possess 
trigonal symmetry (distribution of charges not shown in XVII) : 


XVII 


In this molecule three of the carbonyl groups, which are linked to two atoms 
of iron, possess different properties to the other six. The CO distance in 
these three groups, 1-3 A, is similar to that in organic carbonyl groups and 
is due to the absence of the contribution of structures of the type —C=Ot 
to the bond resonance. The Fe—C distances are different also, the value 
being 1-9 A for the inner carbon atoms, 1.e. those linked to two iron atoms, 
and 1:8 A for the others. This shorter value indicates that the bond must 
have a partial double bond character. The distance between the two iron 
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atoms is approximately the same as that in metallic iron, 2-48 to 2°52 A, so 
that bonding between the iron atoms is not impossible. Although these 
data give a precise picture of the positions of the atoms relative to each 
other in the molecule, the exact nature of the various bonds is somewhat 
more obscure. The structure XVJJ in which the iron is represented as being 
hexavalent is not entirely satisfactory since it does not indicate any difference 
between the Fe—C bonds. The molecule 1s best represented as a resonance 
hybrid of the following structures which satisfies the observed diamagnetism 


of the molecule?®. 


a / 
a 7 C 
ay see: ¢ 
O=C=Fe— = ~Fe =C=O 
C | Ci 
O \ 
O Ot 
eight structures 
XVII 
I 
+ i or 
O 


a 
C=C= C=O 
V4 — C— € 
Ps d Cc 
\ 
O O 
nine structures 
AIX 
I 
C ot 
\ /O YW 


O=C=Fe -Fe—C-=O 
C C 
O 
O O 
Six Structures 
AX 


The Fe—C—Fe angle is 87°, and has therefore been considerably decreased 
in comparison with the normal valency angle of carbon with a coordination 
number of three (120°). This may be due to the strength of the Fe—Fe bond. 
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For the molecule Fe,(CO),,. an analogous series of valence bond structures 
may be considered. The geometry of the molecule is represented by the 
structure XX/, which in all probability, represents one of the main reson- 
ance forms. 


O O 
OF A é | O+ 
\ Y 
: eS aN C 
B= eine Oe irda F Me 
= y; e a Fe eae x = 
C I | C 
VA O O No 
XXI 


The six unpaired electrons of the atoms of chromium, molybdenum and 
tungsten may form three double bonds with three carbonyl groups. Three 
unfilled » orbitals remain, which may be filled by the donation ofan electron 
pair from each of three carbonyl groups. The structure of these compounds 
will therefore be represented by the valence-bond structure XX/I : 

Or O 
NN Vi 
C C 


ee 
o=cLaf—c=0+ 


Ne 
Y \ 
Ot O 
XXII 


which is one of several such resonance structures. A distinctive feature of 
many complex compounds of chromium is the fact, which will be discussed 
again later, that the chromium is present as the ion Cr?-. The valence 
bond structures : 


Ot O O Or 
Ne a ae aA 
et ae O+=C—Cr—C-=0O 
C Cm Cc- Cc 
oe \ ar Se 
XXII XXIV 


in which the charges on the chromium atom have been delocalized and 
shared between the CO groups are less probable than the structure XX//, 
in view of the fact that the CO groups are arranged round the central atom 
in the form of a regular octahedron which must be due to d’sp3 hybridization 
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and the bonds formed by the chromium ion (Cr’~) will be six o and three 
aw bonds. 

If cobalt were to form a tetracarbonyl, one electron in the atom would 
remain unpaired, and therefore the carbonyl Co,(CQO), is formed in which 
two tetracarbonyls are joined by a Co—Co bond 1... 


O O O O 
\ ll | ZA 
C Cc C 
\ | | Z 
Co — Co 
7 | IN 
Cc C C C 
pp | | NN 
O O O O 
AXAXV 


Many of the metallic carbonyls form hydrides, e.g. Fe(CO) 4H,, Co(CO) ,H, 
Os(CO),H,, Ir(CO),H. The structures of the first two compounds have 
been investigated by Ewens and LisTEeR?® by electron diffraction methods. 
An exact determination of the position of the hydrogen atoms was not 
possible, owing to the small scattering produced by these atoms. The data, 
however, show conclusively that the hydrogen atoms are attached to the 
oxygen atoms of the carbonyl group and not directly to the metal. Both 
compounds have a tetrahedral configuration as in Ni(CQO), which ‘is iso- 
electronic with the ions Co(CO),— and Fe(CO),?-. The tetrahedra are, 
however, somewhat distorted, there being two different M—C distances. 
In Fe(CO),H, these are 1-84 A, which is considered by Ewens and Lister 
to be the Fe—CO distance, and 1-89 A which is the Fe—COH distance. 
To this hydride it is therefore possible to ascribe the structures : 


O O O O 
\ aa \ Lo \ 
Cc C H C C H 
XG \ FG 
Fe- Fe- 
arN aw 
Cc C H C Cc H+ 
WY SK Vi \ 
Ot O O O 
XXVI XXVIT 
O O- 
\ / 
C C Ht 
XG 
Fe- 
ON 
Cc Cc Ht 
Da x5 
AXVIIL 
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I: would, therefore, be more correct to give the formula of this compound 


ag Fe CO». COR’, In Co CO’ the CO distance is 1 -83 A and the 
C—COKH distaace 1-75 A and its structure may be represented by 
O O O- 
\ f Ph : ‘\ 7 
c cc H C C Hu 
\ 2 \_4 
Co Co 
v7 ™N “™N 
C C C C 
7 \ 7 \ 
O O O O 
RASA 4 XYY 


The shorter M—C Cstance in the M-—COH rrovp compared with M-—-CO 

7 be x cezarded as Cue to a greater contribution from the structures with 
2 ticle bend than fom those with a double bond for the MC linkage. 
The Evdrogen of the hverides ° the carbonvl mav be replaced by metals 
with the formasion of sales such as KCo-CO , and K,Fe(CO), ex. 


[lL AND NITROCOMPOUNDS 
e tencency cf nitric cxtde to form acdition compcunds ts related to the 


4 
ed 
rq 
ui 
O 
(a 
[ 
f 
‘ 


{ 


2) 


ts 
pessiole formanom of Ciferent valency states of mtrogen and oxygce aad 
ta the presence iz NO of aa unpaired electron. For the bond of 2 metal 
wirz NO the folewing scructures are possible : 
\f—N=O 
Sf-=NT =O 
M-=N—O- 
M=N-—O- 
aac resonance wil cccur amengst these structures. In iron attrosyl Fe(NO),, 
2 large number of valence Eenc structures are possibie of which J 1s an 
example 
O- O 
N* N* 
Fe~ 
N* N 
O O- 
I 


The fact thas in the ‘ormacon of the MC bend in carbonyls the metal 
alwave domazes an ever number of electrons, anc that m we mizrosys tire 
maumber of electors Conated by the meta! to the MEN bond 1s always odd, 
the reasor for the formatior of mono-metallic carboryi-nitrosyl com 

zx CoCO 5NO_ In addition to seructure II for Co CO. .yNO, in which 


ad mine elecrons 259 are employed m the formanon of ¢ and = bonds, 


gob 


O O- 
\ / 
C N+ 
NF 
Co 
cf Nc 
4 \ 
O O 


II 


there will be additional structures in which the nitrogen becomes positively 
charged with respect to an oxygen atom of a carbonyl group, 
O- O 
\ 7 
Cc N+ 


7 
\N 
C 


O O 
I 


In addition to the two valence bond structures // and III, represented above, 
other structures may be considered in view of the possibility of cobalt 
existing in other valency states (Table CLXX). 
In Fe(CO),(NO), a large number of possible structures may be considered 
of which we give only four (JV-VIJ) : 
O 


O- O O- 
ve o ‘e Nn’ 
N_G N_ 7 
Fe Fe 

ae Ne ae Nex 
Oo” XN 6 Oo” No 
IV V 
O O- O- O 
\ / \ 4 
C Nt C N 
NF a 
Fe- Fe 
cf es + of ae + 
Oo” ~ ae 5 
VI VII 


In these compounds the NO distance is 1-11 A, thus being somewhat 
shorter than in the molecule of NO (1°14 A). 


367 


THE STRUCTURE OF MOLECULES 


The capacity of both carbonyl and nitrosyl groups to assume both a 
positive and negative charge, as illustrated by the formulae given above, is 
related to the existence of the nitrosyl and carbonyl compounds as neutral 
molecules, in contrast to other complex molecules which may exist only as 
ions whose charge is compensated by ions of opposite sign in the crystal. 
Such is the case for example in complexes where the central atom is bonded 
only to nitro groups, as in K,NaCo(NO,).,. In the nitro group, in contrast 
with nitric oxide, the nitrogen atom is already positively charged and tetra- 


O 
p 
—N+ 


Note 


valent and in the bond with the metal, resonance of the following valence 
bond structures are therefore possible : 


O O- 
V J 
M—Nt M-—Nt+ 
om \o 
O- 
/ 
M=N+t 
i. 


The formation of the latter structure in which the metal atom is joined to 
the nitrogen atom by a double bond, would be improbable, if by so doing, 
a positive charge were formed on the metal atom, since we should then have 
two adjacent atoms both positively charged. For this reason the complexes 
formed between metals and nitro groups are all negative ions, the charge 
being equalized by cations in the crystal. The structure of the Co(NO,),3- 
ion has been shown by x-ray methods to be octahedral and we may represent 
the structure as follows, in which the cobalt atom forms six o and three 7 
bonds (d?sp3-hybridization). 


O- O 
O-\ og O- 
| N+ f 
Nt Nt 
of AZ So 
ANE 
Nt hoo \ 
er ae 
VIII 
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Several structures other than that given above, VIJJ, are possible with a 
varied localization of the 7 bonds and distribution of charges on the nitro 


groups. 
CYANIDES 


In the bond between a metal atom and the cyanide group, resonance will 
occur among the following structures : 


M—C=N 

M=C=N- 
M C-=N 
M C=N- 


The last two structures, which represent an electrostatic bond between the 
metal atom and the cyanide ion, may be conveniently written as M(CN)- 
since the localization of the charge in the (CN) group is unimportant to the 
present discussion. Theoretically there should also occur a bond of the 
isocyanide type, in which the metal atom is joined to the nitrogen atom of 
the (CN) group. The x-ray analysis of these substances cannot, in general, 
permit the distinction of the carbon and nitrogen atoms because of their 
similarity, but there is, however, some evidence in the case of K,Mo(CN), 
that the metal is bound to the carbon and not to the nitrogen atom. 

Of the simple cyanides, Hg(CN),, Gd(CN), and Zn(CN),, it has been 
established®® that Hg(CN), is linear and it may therefore be represented 
by the formula 

NC—-Hg—CN 
I 


in which two o bonds are formed by the s and f electrons of the mercury 
atom in the valency state d!sp. A significant contribution to the structure 
of the molecule will also be made by the structure 
NC—Hgt CN- 
IT 
in which the mercury is positively charged and monovalent (d!°s) and by 
NC—Hgt=C=N- 
IT 
in which the mercury is positively charged and trivalent (d°sp). Less signif- 
icant structures are 
NC- Hg?+ CN- and N-=C=Hg**=C=N- 
IV V 

As a result of the contribution of the structures //J and V it is to be expected 
that the HgC distance will be somewhat less than in a single Hg—C bond 
as occurs for example in Hg(CH,).. 

The complex ion Ag(CN),~ is analogous to Hg(CN), and it may be 
described in terms of the following structures : 

N-=C=Ag—C=N 

in which the silver atom is uncharged and trivalent, forming two o bonds 
at an angle of 180°, on account of sp electrons and a 7 bond formed by the 


unpaired d electron, 
N-=C=Agt (CN)- 
and 
(CN)- Ag—C=N 
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The complex cyanides formed by the transition elements have frequently 
been discussed in terms of the simple compounds formed by these atoms. 
Thus, for example, K,Fe(CN), has been referred to as a compound of 
ferrous iron and K,Fe(CN), as a compound of ferric iron. This procedure, 
however, 1s not correct as the valency state of iron in K,Fe(CN), is quite 
different from that in Fe(CN), or FeCl, ; thus FeCl, has a magnetic moment 
corresponding to four unpaired electrons, whereas K,Fe(CN). is diamag- 
netic. The suggestion that the diamagnetism of K,Fe(CN), 1s caused by 
the pairing of electrons in the Fe*+ ion under the influence of the strong 
electric field due to the (CN)~ ions, appears inadequate since (NH,),FeFg, 
where the field due to the F7~ ions is stronger, is paramagnetic?!. ‘These 
facts can only mean that in FeCl, some of the outer electrons of the iron 
atom are not used in bond formation and remain unpaired, whereas in 
K,Fe(CN), all the outer electrons are paired in bonds with the (CN) groups. 
The suggestion has been made by Pauling that the formation of such covalent 
complexes occurs as the result of the pairing of all the outer six electrons of 
the Fe?+ ion in three d orbitals. The ion will therefore have two d, and one 
s and three p orbitals empty, vzz, 


ree lithetl it] | ot Ty | 
d : p 


The vacant orbitals are then used in the formation of six coordinate (donor- 
acceptor) bonds with six (CN)~ ions ; this may be represented as the donation 
of six electrons (one from each (CN)~ ion) to each of the six orbitals with 
the formation of an Fe‘*~ ion containing six d?sp? unpaired electrons : 


Fe ltlithtly ted ede] et 
d 5 p 


These electrons then take part in six covalent bonds with six unpaired 
electrons in the CN groups. If this representation of the structure of 
K,Fe(CN), were correct, it would be represented by the structure VI. 


However, VAN VLECK and SHERMAN2? and PAuLiING?! have shown that such 
a structure is improbable owing to the high negative charge on the central 
iron atom, since iron generally tends to assume a positive charge. 

We consider that for a description of this and similar complexes there is 
no need to assume that the outer electrons of the Fe*+ ion are paired and 
that the union of the ion with the (CN)- ions occurs through coordinate 
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bonds. The structure of these complexes may be understood if the valency 
states of the metal ion, as described above and in Chapter 2 for simple ions, 
are considered. The ground state of the iron atom is d®s? in which there 
are four unpaired d electrons, two paired d electrons and two paired s 
electrons. Excitation of the paired electrons to the p state leads to an atom 
of iron in the d°sp* state in which there are eight unpaired electrons, which 
may therefore take part in the formation of eight covalent bonds. If the 
iron atom accepts an electron into the vacant p orbital from a (CN)>~ ion, 
then the Fe~ ion will be formed with the electronic configuration d*sp3, 
which may thus take part in the formation of nine covalent bonds. This 
therefore leads to the structure V/J for K,Fe(CN),: 


N-=C=Fe-—C=N | 4Kt 


VI 


in which the four negative charges occur, one on the iron atom and threc 
on three nitrogen atoms. This formula has also been proposed by Pauling?}. 
The nine covalent bonds between the Fe~ ion and the six (CN) groups will 
consist of six o bonds, formed by d*sp? hybrid electrons, arranged octa- 
hedrally and three 7 bonds (formed by three d electrons), in accordance 
with the data of Kimball (Table CLXV). The structure VIJ represents only 
one of many resonance structures with various localizations of the m bonds 
and of the negative charge on the nitrogen atoms, and the stability of such 
a complex will compensate for the energy absorbed in the excitation of the 
iron atom. In addition to structure VJJ, resonance is possible with the 
form VIIJ in which the iron atom is octavalent : 


N- 

(NC)- Cc 

N-=C=Fe—C= 4K+ 
Sn» 
C C 
W \ 
N N- 
Vill 
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and other structures, VIJJ and LX, in which the iron is hepta- and hexa- 
valent : 


(NC)-  (CN)- (NC)- (CN)- 
N-=C=Fet—C=N | 4K+ N-=C=Fe?+ (CN)- | 4K+ 
nN IN 
C C C C 
VA \ IN 
-N N- | -N N- 
- LX 7 7 »¢ 7 


In the structures VJ to X, all the electrons are paired, so that the total 
spin angular momentum is zero. These structures may therefore resonate 
with each other and it is important to appreciate that, although certain 
CN groups, for example in formula X, are represented as being in the ionic 
state and therefore bound to the central iron atom by electrostatic forces, 
all the CN groups are attached to the central atom by the same type of 
bond which is in part ionic, in part a o bond and in part a a bond. The 
pairing of spins also explains the diamagnetic character of this substance. 

Let us now compare the structures given above, VII to X, for K,Fe(CN).¢ 
with hypothetical structures in which the iron atom 1s in the same valency 
state as in FeCl,, viz, d*sp and in other valency states in which there are 
four unpaired d electrons. In the following formulae we shall represent 
the unpaired electrons by dots : 


(CN)- (CN)- 
(CN)- Fe?+ (CN)- | 4K+ 


(CN)- (CN)- 
(Fe2+ = d®) 
AT 
N i N : 
0 

(CN)- Pe (CN)-~ C | 
(CN)- Fe—C=N 4K +t (CN)- Fe-—C=N , 4Kt 

: ae 

(CN)- c OC : 

\ WY Se 

N N N 

- (Fe = d°sp?) (Fe- = dsp) 
XII AIT 


The similarity between structures X and X/, VIJI and XII, and Viland X/I1, 
is evident, but in the forms V//J, VIJJ and X there are additional covalent 
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bonds of the type Fe=C=N-, in which the unpaired electrons are em- 
ployed in bond formation with a consequent loss of paramagnetism and 
increase in stability of the complex. 

The entirely ionic form of K,Fe(CN), : 


| (GN)- (CN)- 


| (CN)~ Fe2+ (CN)- | 4Kt 
(CN)- (CN)- 


ALV 


can only be compatible with the observed diamagnetism of the compound 
if the six d electrons of the Fe?t ion are all paired. The molecule could 
then also participate in the resonance between structures V/I to X. The 
pairing of the electrons to give the configuration, 


ret l¥tleti yt] | oP ptt 
d ° p 


involves the absorption of energy ; such an electronic state is therefore un- 
favourable for the stability of the molecule and the corresponding structure 
XIV is hence improbable. 

It is not possible to formulate a diamagnetic structure for K,Fe(CN), 
since the total number of electrons in this molecule is uneven. The experi- 
mental data show that the magnetic moment is 2°33, thus corresponding 
approximately to the presence of one unpaired electron. It is therefore 
clear that here the electronic state of the atom of iron in the complex 
is essentially different from that in FeCl, in which the Fe%* iron possesses 
five unpaired electrons. It is possible to describe the structure of the 
complex by the following : 


N- N- 
\ \ 
C CN C CN 
| \ 
| N-=C=Fe-—CN | 3Kt+ N-=C=Fe—CN | 3K+ 
| 5 a ; e 
L NC CN (NC)- CN 
AV AVI 


Similarly the magnetic moments of the complex cyanides of manganese, 
K,MnCN,, 3:25 us, corresponding to two unpaired electrons, and of 
K,Mn(CN)., 2:18 43, corresponding to one unpaired electron, indicate that 
in these compounds the valency states of the manganese atoms are different 
from those in MnCl, (»# = 5:92 ps) and MnCl (uw = 5:1 ps). In KMn(CN)s, 
4 = 4°22 ps, Corresponding to three unpaired electrons, and it is possible 
that this compound possesses the formula K,[Mn(Mn(CN),)], where the 
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inner manganese atom has one unpaired electron as in K,Mn(CN), and 
the outer manganese atom, five unpaired electrons®’ asin MnCl,. According 
to the treatment discussed above the molecule K,Mn(CN), will be repre- 
sented predominantly by the covalent structure XV/Jin which the manganese 
atom is monovalent and doubly charged negative, 1.e. in the electronic state 
d°sp3 corresponding to the ion Mn?-. In such a structure there are no un- 
paired electrons and the complex should be diamagnetic. In addition to 
the covalent structure XVIJJ, ionic structures, such as XVIII and XIX will 
contribute to the molecular resonance. 


N- (NC)- N- 
Ne oon C 
\Y 7% VA 
NC—Mn?-=C=N- | 5K+ -N=C=Mat(CN)- | 5K+ 
o \ 
Cc’ = “on 
-y’ wey- (NN 
XVII XVIII 
| (NC)- N- 
Ce 
J 
| (NC)- Mn=C=N- | 5K+ 
| CON 
i, 
: AIX ” 


GOLDENBERG’s*3 measurements show that the magnetic moment of 
K,Mn(CN), is 1:05 4p, Which is less than the calculated value for one 
unpaired electron. From the above possible structure this cannot be due 
to electron spin, so it is evidently due to incomplete quenching of the 
orbital moment. 

The limiting covalent and ionic structures of K,Mn(CN)., in which 
there is one unpaired electron, are 


NC CN (NC)~ (CN)- 
SF, 
N-=C=Mn?-=C=N- | 4Kt+ N-=C=Mn2+=C=N- | 4K+ 
jor~ 
NC CN (NC)- (CN)- | 
XX XAT 


COMPLEX COMPOUNDS 


and similarly for K,Mn(CN), in which there are two unpaired electrons, 
we have 


N- N- 
No CN No (CN)- 
NOSM(t-—CN 3K+ (NC)- Mn+ (CN)- | 3K+ 

wf e \ ee 
NC CN (NC)- (CN)- 
XXII XXII 


In K,Cr(CN),, the experimental data show that there are three unpaired 
electrons and, since both the Cr’+ ion and CrCl, also contain three un- 
paired electrons, the complex is sometimes written in the form XXIV : 


(CN)- (CN)- NC CN 
(CN)- Cr3+ (CN)- | 3Kt+ noSor_on 3Kt 
(CN)- (CN)- No” Non 
XXIV XXV 


However, K,Cr(CN), may be equally well represented by an alternative 
limiting structure, which also satisfies the observed magnetic moment, 
represented by XXV. In this structure it is assumed that the chromium 
atom in the (Cr(CN),/%~ ion is in a d°sp3 electronic state and possesses three 
negative charges. Six of the nine electrons are employed in covalent bond 
formation (d°sp* hybridization) with the CN groups, and three remain 
unpaired. We have already postulated that chromium is in this electron 
state in the carbonyl compounds. Both the structures, XXIV and XXV may 
at first sight appear improbable owing to the high charge, either positive 
or negative, carried by the central atom. However, we consider that the 
structure of K,Cr(CN), may be represented as a resonance hybrid of the 
forms XXIV and XXV and of other structures in which the central atom 
possesses the same number of unpaired electrons, e.g. 


(NC)- CN 
(NC)- Crt—CN | 3K+ 


(NC)- (CN)- 


XXVI 


The description of a molecule or complex in terms of resonance among 
several structures is, as we have emphasized before, only a convenient way 
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of describing the real state of the molecule which is intermediate between 
these extreme forms. In fact the twelve electrons of the central atom and 
of the surrounding groups or atoms are located in the field of all the nuclei 
in molecular orbitals. In K,Fe(CN), all the electrons of the complex ion 
occupy molecular orbitals in pairs, thereby neutralizing their spins?!. In 
K,Fe(CN),, one electron in the outermost molecular orbital remains un- 
paired as in NO and in other instances it is possible that an electronic 
configuration 1s more favourable when some electrons occupy molecular 
orbitals, not in pairs, but singly as in the molecule of oxygen, O,. This is 
evidently what occurs in K,Cr(CN), and in other paramagnetic complexes. 

Twelve electrons take part in bond formation in K,Cr(CN), and hence 
all the CrC bonds may be regarded as single, as in the limiting covalent 
structure XXV. In K,Cr(CN),., however, the limiting covalent structure, 
XXVII, must include one double bond, since the magnetic moment corre- 
sponds to only two unpaired electrons. 


NC CN 
six structures 
XXVII 


A limiting ionic structure with a doubly charged positive chromium ion 
and six CN- ions is not in agreement with the magnetic data, since the 
Cr?+ ion has four unpaired electrons. Furthermore, such a structure cannot 
resonate with the form XXVII since resonance can only occur when the 
value of the total spin is identical in both forms. The ionic limiting structure 
must, therefore, be given by XXVIII. An example of an intermediate 
resonance structure is given by XXLX. 


N- N- 
VA Vi 
(NC)- C (CN)- P., 
(NC)- Cr2+ (CN)- | 4K+ (CN)- Cr—CN 4K+ 
(NC)- (CN)- (CN)- ON 
7 six Structures 7 7 six structures ° 
XXVIII XXIX 


The diamagnetic octacyanides K,Mo(CN), and K,W(CN), are known 
in which resonance between all possible structures from the limiting co- 
valent form XXX to the limiting ionic form XXXI will occur. 
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eight structures 
XXX 


- (NC)- (CN)- _ 
(NC)- (CN)- 
Mot 
ee (CN)- 
VA (CN)- 

—-N 


AXXI 


4Kt 


There now arises the problem of why the ion Cr3- uses only six unpaired 
electrons in the cyanide complex ion and has a coordination number of six, 
whereas the ion Mo? may use all nine unpaired electrons to form a com- 
plex with a coordination number of eight. There are probably two different 
reasons. First, the large size of the atom of molybdenum permits the packing 
of eight atoms or groups round it much more easily than in chromium and 
secondly, the loss of intra-atomic resonance in molybdenum and tungsten 
on bond formation is less than in chromium, owing to the greater principal 
quantum number of the outermost electrons of these elements. 

For K,Mo(CN), which must have one unpaired electron, the following 
limiting structures are possible, 


NC Px (NC)- — (CN)~ 
NC)- CN)- 
NC Se CN | a4 SP wee. SO lan 
NC \OvON (NC)- (CN)~ 
NC CN (NC)~ = (GN)= 
XXXII AXXUL 


The x-ray diffraction data show that the complex [Mo(CN),]°- ion has a 
dodecahedral structure in agreement with the prediction of KimBALL 
(Table CLXV). A coordination number of eight, involving d, s and p 
electrons may correspond to a dodecahedron (d‘sp*) or to a quadratic anti- 
prism (d5p3). The alternative geometric arrangement of the groups at the 
apices of a cube is not permissible since it has been shown to require the 
participation of f electrons™. 
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The ion [Co(CN),]’~ is isoelectronic with [Fe(CN),]*- and the most 
probable structure will be 


N- 
va 
NC C 
-N=C=Co—CN 
fo \N 
NC 


XXXIV 


and the participation of all nine electrons of the cobalt atom in bond 
formation causes the observed diamagnetism of the molecule. The complex 
K,Co(CN), is less stable than K,Co(CN).. From the structure XXXIV it 
is clear that the additional electron may enter into [Co(CN),]°~ to form 
[Co(CN) ,]*-, only by utilizing a higher orbital such as the 4 d or 55 of the 
cobalt atom. In this fact lies the explanation of the observed differences 
in the oxidation-reduction potentials of the complex cyanides of cobalt 
compared with those of iron : 

[Fe(CN),]#- — ([Fe(CN),]?— — 0-36 v 

[Co(CN).]*£- -» [Co(CN),]?- + 0-83 v 
The oxidation of [Co(CN),]4— to [Go(CN),]3- occurs very readily since it 
will be accompanied by the liberation of the excitation energy of the addi- 
tional electron to the orbital of higher energy. The oxidation of [Fe(CN),]4*~ 
to [Fe(CN),]3- does not occur readily, since all the electrons are employed 
in bond formation and one electron is left upaired in [Fe(CN),]*-. 

In K,Ni(CN), and in the analogous complexes of palladium and 
platinum, various valence bond structures are possible of which XXXV and 
XXXVI are examples and are in agreement with the observed diamagnetism 
of these substances. 


| NO N- N N- 
NN VA NN VA 
C C C 
\ fF NFA 
Ni2+ oK+ Ni oK+ 
VA NG VA Ne 
F \ A S 
-N N- -N N 
AXXV . XXXVI ~ 


The x-ray diffraction data show that the [Ni(CN),]?~ ion is planar, the 
four CN groups being arranged symmetrically at the four corners of a 
square around the central atom. Such a distribution of o bonds corresponds 
to dsp? or dp? hybridization and up to four 7 bonds may be formed by 
d°p electrons. 
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In contrast to the cyanides, other complexes of nickel with a coordination 
number of four, e.g. [Ni(NH3),]**SO,2-, show paramagnetism corre- 
sponding to one or two unpaired electrons, which has been regarded as 
evidence for a tetrahedral structure of the complex ion. This has not been 
confirmed experimentally. 

K,Ni(CN), may be represented by the structures : 


N- N | N N- 
‘XN vA N 4 


CG vs C C 
* o 4Kt Pe £ 4Kt 
aw oO \ 
C C C C 
0 \ 0 NN 
—-N N- —N N 
XXXVII XXXVIII : 


Of the other compounds in which the central atom possesses a high 
valency, K(OsO,N) is worthy of mention, in which according to the x-ray 
evidence, the oxygen and nitrogen atoms are bonded directly to the osmium 
atom, and we may therefore represent the complex by the structures XXXIX 
to XLI. 


O O O O 
NZ \ Fo 
S Kt Os Kt 
VarN ON 
O N O N- 
XXXIX XL 
-O- (Ol | 
\_ fF 
Os Kt 
dN 
O N 
7 three structures 7 
XLI 


HALOGEN COMPOUNDS 


In the complex halogen compounds, as in the complexes we have discussed 
above, the number of halogen atoms bonded to the central atom is greater 
than the normal valency of the latter. In the case of the complex chloride 
of gold, CsAuCl,, the crystal structure consists of an aggregation of Cst 
cations and two different anions, AuCl,~ which is linear and AuCl,~- 
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which is planar. In the AuCl,~ ion, resonance will occur between the 
forms : 


Cl- Aut Cl- Cl—Au_ Cl- 
two structures 
I Il 


in which the gold is either positively charged or monovalent. There will 
also be considerable contribution to the resonance from the structure 


Cl—Au-—Cl 
Il 


in which the gold is negatively charged and divalent (electronic state, 
d)%%), The hybridization of all the s and p electrons and the formation of 
two o bonds is in agreement with the linear structure. In considering the 
structures of the AuCl,— ion, it is necessary to consider the gold atoms 
initially in the excited, trivalent state, d°sp. This leads to the structure JV. 


Cl Ci- Cl C) Cl Cl- 
< Se 
Au Au Aut 
Jo So wees ye 
| Cl Cl Cl Cl Cl Cl- 
IV V VI 


The gain of an electron gives the negatively charged tctravalent state of 
gold, occurring in V in which the electronic structure will be d°sp?, so that 
four ao bonds are formed by four dsp* hybrid electrons in agreement with 
the observed planar configuration. The loss of an electron giving the 
positively charged divalent ion d°s leads to the structure VJ. In the AuCl,— 
ion resonance will occur among all three structures, all of which have a 
total spin moment of zero. In the entirely ionic structure VJJ, 


VI 


the electronic configuration of the gold atom is d® and in the ground state, 
six of the eight electrons would be paired and two unpaired. Since the 
total spin is not the same as that in the structures JV to VJ, resonance may 
only occur when the Au+ ion is excited to the state in which all of the 
eight d electrons are paired. Owing to the magnitude of this excitation 
energy, the form VII will not contribute significantly to the resonance of 
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the ion. The position is the same in K,PtCl,, which may be described by 
the two limiting structures : 


Cl Cl Cl- cy 
‘pe 2Kt Pret 2Kt 
YN 
Cl Cl Cl- Cl- 
Viil IX 


together with a number of intermediate structures. As in the case of the 
AuCl,~ ion, the completely covalent structure VI/J has a total electronic 
spin of zero, whereas in the ionic form JX the Pt?+ ion will be in the 
electronic state d8 and in order to pair all the eight electrons in four d orbitals, 
considerable excitation energy is required and the structure JX does not 
therefore contribute significantly to the structure of the molecule. The 
planar configuration of the PtCl,?~ ion 1s evidently caused by the contribution 
to the molecular resonance of the covalent structure VJJI in which the 
tetravalent Pt?- ion forms four dsp? hybrid orbitals. In neutral PtCl,, a 
different configuration is to be expected since non-charged tetravalent 
platinum has the electronic configuration d°sp, formed by the excitation of 
one d electron in the ground state, d°s. Here the bonds will be formed by 
d*sp electrons which according to Table CLXV will give rise to a non- 
symmetrical tetrahedral configuration. ‘This is what is found to be the 
case in (CH,),PtCl in which the bonds are mainly covalent, but in which 
there is a small contribution from the ionic form (CH,),PttCl-. 

In K,PtCl, there exists resonance between the covalent and ionic 
structures. The K,PtCl, crystal consists of K+ ions and octahedral PtCl,?— 
ions arranged in a similar manner to the Lit and O?- ions in an anti- 
fluorite lattice. Each potassium ion is surrounded by twelve chlorine atoms 
and the closeness of the packing will evidently be due to the attraction be- 
tween the positive potassium ions and the partially negative atoms of chlorine. 

On the basis of the above discussion of the complex compounds of gold 
and platinum an explanation of the formation of the IC1,~— ion, asin KIC],, 
is possible. The entirely ionic structure X is improbable in view of the magni- 
tude of the charge on the central atom. In the atom of iodine, 


Ccl- c- 
[3+ Kt 


or in the iodide ion, however, the excitation energy of an electron in the 
6p state to a 6d or 7s orbital is not great and such a valency state is not 
without possibility. Such an excitation of two of the 69 electrons in the 
ion I-, leads to the valency states p4ds or p*d?, both of which give rise to a 
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planar configuration (Table CLXV). Thus we have the limiting covalent 
structure XJ. 


Al 


Resonance can only occur between structures X and XI, if the I%+ ion 
(s*p”) has a zero spin moment. The electronic configuration in which this 
condition holds is not necessarily the ground state of the ion. 

In contrast to K,Fe(CN), the complex molecule (NH,),FeF, has a 
magnetic moment of 5:9 4.3, which corresponds to five unpaired electrons. 
The central atom of iron in FeF,3~ is therefore in the same electronic state 
as the atom of iron in FeCl. Only three of the eight available electrons of 
iron can participate in bond formation and it is therefore generally assumed 
that this compound is entirely ionic (XIJ). 


hes - " ds 
F- Fest F- | 3(NH,)+ 
F- F- 
ALI 
Structures in which the bonds are partially ior.ic, however, are possible, viz 


F- F F- F 
Va / 
F- Fe?+ F- | 3(NH,)+ F- Fet+_F | 3(NH,)+ 
F- F- F- F- 
ALI AIV 
F- =F 


/ 
F- Fe—F | 3(NH,)+ 


AV 


The resonance of these structures will produce an increased stability of the 
molecule. Thus it is evident that it is not possible to decide the exact nature 
of the bond in these complexes simply on the basis of magnetic data, except 
in certain cases (see page 353) and in general it is only possible to determine 
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the valency state of the central atom. The existence of the unpaired electrons 
in FeF,3— may be in part due to the fact that in the bond between a halogen 
atom and a metal atom, only bond resonance between the covalent M—F 
and ionic M+F~ forms is possible and in contrast to the CN group a covalent 
bond between the metal and the F- ion is not possible. 


AMMINO COMPOUNDS AND SALT HYDRATES 


A very large number of metals, including the alkali and alkaline earth 
metals which do not generally form complexes, give ammino derivatives 
and hydrates. In the complex NaCl(NH3)x, the bond between the metal 
ion and the ammonia molecules is due to ion-dipole forces. The 


M+ NH, 
I 


bond is therefore not strong and these substances often possess an appreciable 
vapour pressure of ammonia. More stable ammino compounds are formed, 
however, with metals possessing d electrons. In such cases the attraction 
is not only due to ion-dipole forces but, since nitrogen may exist in the 
positively charged tetravalent state, there is a tendency for electrons to be 
transferred from the nitrogen to a vacant orbital in the metal atom with 
the formation of a compound of the type IJ. The possibility of the 


F,B-—+NH, 
IT 


transfer of electrons from ammonia molecules to a metal atom is determined 
by the number of available orbitals in the metal and if the metal has a high 
electron affinity, a donor-acceptor (coordinate) bond between the metal 
and the ammonia molecule is formed. By this means, bonds of the type : 


M-—+NH, X- M—tNH, 
Ul IV 


occur. In the —tNH, group, the positive charge is not localized on the 
nitrogen atom, but is shared by the hydrogen atoms. This is shown by the 
fact that the ammonia molecule, NHs, forms coordination compounds 
much more readily than trimethylamine, N(CH3)3. Pyridine, on the other 
hand, behaves in this connection as a primary amine owing to the contri- 
bution of resonance structures in which the nitrogen atom is negatively 
charged and divalent. Although ion-dipole forces may play some part in 
the bond between the metal ion and the ammonia molecule, the bond is 
predominantly homopolar, since molecules such as CH,Cl and CH,NO,, 
which have a greater dipole moment than ammonia and which are smaller 
in molecular size than pyridine, do not form complex compounds since carbon 
is unable to exert a valency greater than four. Ifthe electrostatic attraction 
between the ion and the dipoles were of great significance in complex 
formation, the tendency towards complex formation would be greater, the 
smaller the radius and the greater the charge of the central ion (the energy 
of ion-dipole interaction is given by zep/r? where ze is the charge of the 
ion, » the dipole moment, and r the distance between the ion and the 
dipole). The ions Be?+ and Al?+ would thus form complexes more readily 
than iron, platinum, cobalt and nickel, which does not occur. 

On the basis of the above discussion, in stable complexes, such as 
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Au(NH;),Cl,, there will evidently be resonance between a number of 
different structures, the limiting forms being : 


— —_ <a —_ 


| HN NH, H,N+  +NH, 
Au3+ 3Cl- Aum 3Cl- 


In structure VJ, the gold is in the negatively charged tetravalent state, in 
which the four bonds are formed by dsp? electrons. The planar configura- 
tion of the [Au(NH,),]*+ complex, as determined by experiment, is in 
agreement with the prediction that four dsp® hybrid bonds are formed. 

In Cd(NH,),Cl, a similar limiting covalent structure occurs, VIJ, but 
here the four valency electrons of the ion Cd?~ are in sp orbitals so that 
the complex ion has a tetrahedral configuration. The configuration of the 
ions [Ag(NH3).]*+ and [(Cd(NH,).j?*+ has been shown by experiment to be 
linear, a fact which is in conformity with the sp hybridization of the valency 
electrons : 

H,N+t—Ag-—*NH, 
H,N+—Cd—*NH, 

The limiting covalent structure of the complex Cu(NH,),Cl, V/J, contains 
copper in the doubly charged negative tetravalent state : 

[ H,Nt *NH, 


— 


/ 
Cu2- 2Cl- 
7 
H,Nt +NH, 


VII 


The electronic structure of the Cu?- ion, however, is d°sp* in which there 
are five unpaired electrons and therefore one electron must remain unpaired 
in the tetrammino compound. Two forms of hybridization can occur in 
the Cu?- ion, either dsp?~ or sp?- the former leading to a planar structure 
and the latter to a tetrahedral configuration. Experiment shows that the 
ion is planar, which would indicate that dsp?- hybrid bonds are more 
stable than sp? bonds. 

The magnetic moment of Cr(NH,),Cl, indicates the existence of three 
unpaired electrons in agreement with the resonance between structures 
VIII and LX and other types which are intermediate between the limiting 
ionic and covalent forms. 


H,N NH, H,Nt+  +NH, 
ooo / eee \ 
H,N NH, H,N+ +NH, 
- VII - : IX - 
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In all the examples considered above, the total electron spin is the same 
in both of the limiting structures, i.e. that in which the bonding forces are 
entirely ion-dipole and that in which they are homopolar, resonance 
between these and possible intermediate structures may therefore occur. 
The experimentally determined dia- and paramagnetism does not indicate 
that one or other of the valence bond structures is to be preferred, since in 
these structures the number of unpaired electrons does not change. Here 
also, the number of unpaired electrons is the same in the simple salt and in 
the ammino compound. ‘Thus, for example, AuCl, and Au(NH,),Cl, are 
both diamagnetic, CuCl, and Cu(NH,),Cl, both have a single unpaired 
electron, and CrCl, and Cr(NH,),Cl, have three unpaired electrons each. 
In the ammino compounds of cobalt, however, the position is different, 
Co(NH,),Cl, being diamagnetic, whereas CoCl, is strongly paramagnetic. 
Pauling considers this fact as evidence fof the covalent character of the 
bonds in Co(NH,),Cls, which therefore corresponds to the structure X, 


H,N+  +NH, 
4 oN 
H,N+  +NH, 


x 


An ionic structure in order to be diamagnetic would have to include the 
unusual triply charged, positive cobalt ion XT: 


H,N NH, 
H,N Co%+ NH, | 3Cl- 
H,N NH, 

xI 


in which the electronic structure is as follows : 
Comtlitltlit] Ty 
d 5 


with all six d electrons paired in three d orbitals. In view of the energy 
necessary to produce this excited state from the ground state in which 
there will be four unpaired electrons, a considerable absorption of energy 
would be involved and it is unlikely that this would be compensated to any 
great extent by the ion-dipole forces repsonsible for the bonding in structure 
XI. It thus appears that here the magnetic properties do lead to a decision 
as to the nature of the bonds in the complex, the covalent structure X being 
preferable to the ionic form XJ. In the ion [(Co(NH,),]3* of all the valency 
electrons (nine in Co and twelve in six NH, groups), three are transferred 
to the chlorine atoms and the remaining eighteen are located in pairs in 
molecular orbitals in the field of an atom of cobalt and six atoms of nitrogen. 
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These electrons may be regarded as taking part in six o bonds between the 
d*sp? hybrid orbitals of cobalt and the sp orbital of nitrogen ; the remaining 
six electrons will form three 7 bonds. The structure of the complex ammine 
containing two atoms of cobalt, 


will have a similar covalent structure to X, te. 


H,Nt+ \\ / *NH, 
H,N+ ——Co®-——+NH,— Co?=—— +NH, | ? %~ 


H.N+ ~ | \ S*NHs 
H,N+ +*NH, 
All 


in which the—+tNH,—group acts as a bridge between the two cobalt atoms. 

In contrast with Co(NH;),Cl,, the compound Co(NH;),Cl, is para- 
magnetic and has a moment of 5°3 ys, the moment of CoC], being 5:04 py, 
which indicates the presence of three unpaired electrons. Hence it is con- 
cluded that in the ion [Co(NH,),]*+, the bond between the central atom 
and the ammonia molecules is due to ion-dipole forces. The structure of the 
complex is therefore 


2Cl- 


| HN NH, 
| H,N Co?+ NH, 
| . 


| HN NH, 


XM 


The formation of a covalent complex in which the cobalt possesses three 
unpaired electrons and is covalently bound to six ammonia molecules can 
only occur by the excitation of two of the electrons to the 55 and 5p orbitals, 
which would require considerable energy. On the basis of the magnetic 
properties of the complexes of tetrammino cobalt, Pauling has described 
[Co(NH3),]?+ as a predominantly covalent complex and [Co(NH3),]** as 
predominantly ionic. In confirmation of this conclusion we find that 
Co(NH;),Cl, is not stable and dissociates in water yielding ammonium 
ions, whereas the Co(NH,),Cl, complex is quite stable and the ion 
[Co(NH3),.]?+ does not decompose in solution. The Co—N distance in 
[Co(NH3),]°+ is 1-9 A, considerably shorter than that in [Co(NH3).,]?* 
which is 2°5 A. 

The magnetic moments of Mn(NH,),Br,, and Fe(NH;),Cl, and 
Fe(H,O),Cl, correspond to those of MnSO, and FeCl, respectively and 
in these compounds, as in Co(NH,),Cl,, the bond is largely tonic in 
character. 

In Co(NH,),Cl, the complex ion [Co(NH,),]*+ has been formed by the 
transference of three electrons to the chlorine atoms; no such process is 
necessary in the case of Co(NH3)5(NO,)3, since the NO, groups possess an 
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odd number of electrons. The structure of this compound will therefore be 


ALV 


in which all the bonds are covalent. The negative charge will not neces- 
sarily be located on the cobalt atom but may be distributed on the oxygen 
atoms. We thus have an alternative structure, XV, in which the cobalt atom 
is monavalent, with six o and three 7 bonds 


O- 


\ 
+NH, N+—O- 
O- \ WA 
x Y 
N+==Co——+NH, 
f / N 
+NH, or 


O- 
XV 


Since in many of the ammino complexes the bond M—+NH, occurs, in 
which the nitrogen is tetravalent and positively charged, the basic properties 
of the nitrogen atom are reduced and its acidic properties correspondingly 
increased. The loss of a proton is evidently facilitated by increase of the 
positive charge on the hydrogen atom owing to the resonance between 
M—+NH, and M—NH,Ht. 

The nature of the bonding forces in ammino compounds which has been 
discussed above may, in general, be applied to the hydrates. Here the 
ion-dipole forces occur in addition to the coordinate bond formed by the 
donation ofa pair of electrons by the oxygen atom. We thus obtain structures 
of the type, 

H H 


7 Ie 
M-—Ot and X7 M—O+t 
aN 
H H 
In addition to the formation of hydrated cations, bonding of water molecules 


to anions may occur by means of hydrogen bonds as in, for example, the 
sulphate ion XVI 


O- OF «aka 
a, 
Ye... 
O- Ov..H 
XVI 


THE STRUCTURE OF MOLECULES 


The negatively charged oxygen atoms of the sulphate ion will appreciably 
increase the strength of the hydrogen bond. We thus find that several 
sulphates crystallize with an odd number of molecules of water of crystal- 
lization, one being bonded to the sulphate ion and the remainder to the 
cation, e.g. CuSO,.5H,O (XVII). Four molecules of water are arranged in 


H 
é 
H,O wa Nu H..O- O- 
\ i 
Cu2t O S 2+ 
fo N eM oe SN 
H,O \ H H-.O- ‘O- 
Sf 
O 
i 


XVII 


a plane round each copper ion, while the oxygen atom of the fifth molecule 
of water is tetrahedrally surrounded by four atoms of oxygen to which it is 
bound by a system of covalent and hydrogen bonds. The first two stages 
in the dehydration of GuSO,.5H,O evidently consist in the removal of 
the four molecules bound to the copper ion, the fifth molecule is bound 
more firmly, and the structure of CuSO,.H,O is evidently that shown by 
XVII 


With the hydrates of various salts, it is possible to trace a gradation of the 
stability of the bond. This is greatest when it is caused by the superposition 
of covalent and ion-dipole forces and weakest where the molecules of water 
are adsorbed in an irregular manner between the ions, as in NaCl, when 
the water is easily removed without destroying the lattice structure. 
Such crystal hydrates as Na,SO,.10H,O form a special class which are 
best regarded as ice in which the ions Nat and SO,?- are dissolved. The 
formation of complexes between water and such organic molecules as 
ethylene, butadiene and other unsaturated organic compounds is due to 
the possibility of the carbon existing in other valency states. This view 1s 
borne out by the Raman spectroscopic data of TAUFEN, Murray and 
CLEVELAND®® who showed that in the complexes formed between the 
olefines and concentrated solutions of silver nitrate, the characteristic 
frequency of the C=C bond was appreciably lowered (1,584 cm—! in the 
complex in place of 1,653 cm~} in the pure hydrocarbon ; for cyclohexene 
the values are 1,539 cm—! and 1,613 cm™?, and for cyclopentene, 1,598 cm—! 
and 1,660cm—!). This shows that the formation of the complex involves 
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the double bond and the nature of the bonds in the complex may be 
regarded as due to resonance between the forms : 


No of Now” No = ra 


a. / 7o™ / \ 
Ag Ag Agt 


the last structure being formed by van der Waal’s forces. Similar observa- 
tions have been made for the complex formed between HgCl, and acetylene 
by FREIDLINA and NEsMEYANOV’6, 


INNER COORDINATION COMPOUNDS 


A particular type of non-localized bond occurs in the so-called inner co- 
ordination compounds. ‘This group of compounds may be illustrated by 
reference to the copper salt of aminoacetic acid (glycine). This compound 
dissociates only weakly in solution, it possesses a colour similar to the 
ammino complexes of copper and does not react with ammonia. ‘These 
properties all tend to show that copper atom has a saturated valency and 
may be explained by considering the copper as bound to both the hydroxyl 
and the amino groups. In accordance with our concept of the nature of 
the bond between a metal and an amino group in such a compound, the 
structure of the complex will be represented by resonance amongst the 
forms I to 1X; 


O=C—O O——C=O O—C—O O——C=O 
NF Me 
Cu*- Cu- 
Jo ~\ 
H,C—+NH, +NH,—CH, H,C—tNH, NH,—CH, 
I i 
O=C—-O- O——C=O 


) VA 
Cu- 
ws 
H,C—+NH, +NH,—CH, 


III* 
O=C—-O O——C=O O=C—O- O-——C=O 
NN 7 
Cu Cu 
Z>\ 
Iv ve 
O=C——-O- O——C=O O=C—O- , eee tae 
cu” *Cu 
fF e ° 
H,C—+NH, §NH,—CH, H,C—NH, NH,—CH, 
vi* VII* 
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O=C—O- O-—C=O O=C—O O-—C=O 
\ | 
Cu?t Cu | 
| > oe | 
H,C—NH, NH,—CH, H,C—NH, +NH,—CH, 
VII* 1X* 


Resonance will also occur in the structures marked with an asterisk 
between the types O=C—O- and O-—C=0O and both oxygen atoms will 
have identical charge. | 

It was thought originally that in these complexes, the main bond was 
that formed between the copper atom and the carboxylate ion, the bonds 
existing with the amino group being auxiliary. It is now considered, 
however, that all the bonds, whether to oxygen or nitrogen atoms, are 
identical. This is evident since the reaction of the silver salts of the amino 
acids with alkyl halides results in the formation not only of the ester but 
also of the N-alkyl compound, 


NH, NHC,H, NH, 
/ ‘*, i 7 
2C,H, Ag+2C,H,I = C,H, +C,H, 


+2AgI 
c a 
COO COOH COOG,H, 


The formation of inner coordination compounds is connected with the 
presence in the organic molecule of atoms which may exist in more than 
one valency state, ¢.g. 


—O, —O-—, —OH, —NH,, =NH, =NOH, =N, =N—, —SH ek 


The formation of such complexes is conditioned by steric factors ; in the 
a- and B- amino acids, when the ring consists of five or six atoms respectively, 
a coordination compound i is formed, but an increase in the number of atoms 
separating the amino and carboxylic acid groups (in y, 4, ¢, ee amino acids) 
generally inhibits the formation of cyclic inner coordination compounds. 

The same principles determine bond formation in the complexes formed 
by the B-diketones. The ability of diketones to form metallic derivatives 
is determined by the extent of enolization, e.g. 


R R 
| | 
C=O C—OH 
Va 
H,C . 
\ 
| | 
R R 
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The metal may replace the hydrogen atom of the enolic form with the 
formation of a salt having a structure which resonates between X and X/: 


R R 
| | 
C—O- C—O 
o \ 
HC Nat HC Na 
\ \ 
C=O C=O 
| | 
R R 
xX xl 


Owing to the conjugated system of double bonds, the structures X// and 
XIII are also possible. 


R R 

| | 

C=O C=O 

Yr 
HC Nat HC Na 
\ ye 
C—O- ‘ae 
| 

R R 
XII XII 


Thus owing to the resonance between the four structures X to XJ// the 
sodium atom has a coordination number of two. 

The triacetylacetone derivatives of aluminium, cobalt and iron are very 
different in their magnetic properties, the first two being diamagnetic and 
the last paramagnetic, having a moment of 5:9, corresponding to five 
unpaired electrons. Hence it has been suggested that the bonds in aluminium 
and cobalt compounds are covalent whereas those in the iron compound 
are ionic, but SUGDEN?’ has pointed out that this conclusion is not in accord- 
ance with the properties of the iron compound, which is volatile and soluble 
in non-polar solvents. The formation of donor-acceptor (coordination) 
bonds, as proposed by Pauling, does not explain the difficulty, but if the 
formation of ordinary electron pair bonds are assumed the observed be- 
haviour of iron may be satisfactorily explained. Thus the aluminium 
complex forms the structure XIV. 
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CH, CH, 


XIV 


Since aluminium has the electron configuration s2, which becomes sp? 
when trivalent, this compound will be diamagnetic. The analogous structure 
for iron, @°s?, will leave five electrons unpaired in the d orbitals in agreement 
with the magnetic properties. In cobalt, d’s?, it must be assumed that the 
bonds are formed by pairing of the three unpaired electrons with the 
formation of a diamagnetic complex. 

The experimental data show that the compounds of copper with the 
B-diketones are planar which indicates dsp? or d2p? hybridization. Com- 
mencing with the ion Cu2+ (d), it is impossible to consider the bond as 
formed by the donation of an electron pair from the oxygen atom, since 
Cu2t has no vacant d orbital2’. It is, therefore, clear that the structure is 
best represented as a resonance hybrid of all possible structures from the 
completely ionic, XV and XVI, to the completely covalent, XVIII 


C=O O=C Cc—O- ~—O—C 
VA \ 
—C Cu2t C— —C Cu2t+ C— 
\ VA 
Ye / \ 
AV AVS 


XVII 


In the covalent structure XVII, copper is in the Cu?- state with five un- 
paired electrons, four of these take part in the formation of four covalent 
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bonds, dsp? hybrid electrons, and the fifth remains unpaired and is 
responsible for the observed magnetic moment of 1°73 ps. 


CONCLUSIONS 


From the above discussion it is possible to draw certain general conclusions. 

Complex formation occurs most extensively with those atoms possessing 
d electrons since, owing to the similar energy values of the d, s and p 
levels, electronic excitation to form new valency states occurs readily. 

In the simple compounds of atoms containing d electrons, not all the d 
electrons are, in general, used in bond formation. The preservation of 
unpaired electrons in the molecule may be related to the intra-atomic 
electronic resonance. 

In the complex compounds, bonds may be formed with all unpaired 
electrons of the central atom or ion, the maximum number of unpaired 
electrons able to participate in bond formation being nine. 

Such groups as CO, NO, CN, NO, etc, in which the atoms can assume 
various valency states, are able to form o and z bonds with the central atom. 

Resonance amongst various valence bond structures occurs with varied 
localization of the 7 bonds and different valency states of the central atoms. 
Thus the valency state of the central atom cannot always be defined and a 
range of valency exists. 

The formation of complexes involving ammonia and water etc, cannot be 
explained solely on the basis of ion-dipole attraction. A significant part is 
played by the different valency states of nitrogen and oxygen and by the 
formation of donor-acceptor bonds. 

The observed configurations of the atoms are in agreement with the 
direction of homopolar valencies of the central atom in the limiting covalent 
structure. 
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THE STRUCTURE OF THE BORON HYDRIDES 


DIBORANE BoH,g 


THE BORON HYDRIDES! occupy a special position among chemical com- 
pounds owing to the structural problems that they present. In the case 
of the simplest boron hydride, diborane B,Hg, the problem arises from the 
fact that this molecule contains twelve valency electrons which must take 
part in the formation of seven bonds, six B—H and one B—B bond. The 
molecule BH, does not exist and is evidently rapidly dimerized on forma- 
tion to B,H,. It will be clear that diborane 1s deficient in electrons and 
cannot therefore be represented by a valency structure involving seven 
electron pair bonds. To overcome this difficulty, Smipcwick, LEwts, 
PAULING and others have suggested that the B—B and four of the B—H 
bonds are electron pair bonds and that the remaining two bonds between 
hydrogen and boron are single electron bonds. As evidence for the possible 
formation of such a bond, attention is generally drawn to its existence in 
the hydrogen molecule ion, where the bond energy is as high as 61 
kcals. However, the single electron bond occurs only in the hydrogen 
molecule ion and in no other molecule and the suggestion that it occurs 
in diborane is due largely to the fact that no suitable alternative was 
considered to exist. 

Recently the bridge structure /, originally suggested by DittHey? has 
been revived by several authors**, 


who have put forward different suggestions concerning the exact nature of 
the electronic structure. NeEKrassov® considered that the stability of the 
molecule was due to resonance between the two forms J/ and JI]: 


H H H H H H 
MF ff \N ‘\Z 
B B B B 
4 .f SN ON 
H H H H H 4H 
Hl WI 


SYRKIN and Dyatxkina‘, however, have shown by a quantum mechanical 
calculation, that in these entirely covalent structures the resonance energy 
does not compensate for the repulsion of the electrons not taking part in 
bond formation and it is therefore suggested that other possible valency 
states of boron, in addition to the tricovalent form, should be considered. 
Hence the additional valence bond structures JV to VIII have been formu- 
lated amongst which resonance occurs as well as with the structures [/ 
and //J. In the structures JV to VIJI boron, as well as being trivalent, 
is present in the positively charged divalent and negatively charged 
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tetravalent states. The forms VJ to VIII are much less probable than IV 
and V, owing to the very small BBH bond angle: 


H H H 
NuFK a NO NZ 
Bt Bt 
an as NS ee HY’ Ye 
IV V 
H H+ H+ H H 
\ / J. fe 
-——— B B———B- 
ae \ ae i” ra Sy 
Sour structures four structures 
VI VII 
H+ H H 
Va / 
-B———_B 
YN \ 
H H H 
Sour structures 
VIL 


Calculation* shows that the energy obtained by such resonance is sufficient 
to stabilize the molecule. This conception of the structure of diborane has 
been criticized by Loncuet-Hicoins and BExLL® and by BELL and Eme.eus! 
who point out that there is some distortion of the valency angles in these 
structures since DH, is planar (sp? hybridization), H,B+ linear (sp hybrid- 
ization) and ~BH, tetrahedral (s$3 hybridization) and furthermore although 
there is considerable evidence that molecules with alternate valence bond 
structures may be stabilized by resonance, it is not generally considered 
that two parts of a molecule can be held together only by this method of 
bonding. 

An alternative structure has been suggested by Pitzer’ which may be 
referred to as a protonated double bond and is represented schematically 
in IX: 

H H 
\. Ht 


H H 
IX 
The protons are regarded as being embedded in the z orbital of the double 
bond. This model accounts for the hindrance of internal rotation which 
occurs in this molecule (see later), but the B—B distance is greater, and 
the force constant lower, than is to be anticipated for a double bond, even 
if allowance is made for some weakening of the bond by the protons. 
From this formula acidic properties are to be expected, but they are not 
observed. Another alternative structure, X, has been suggested by WALSsH® 


a ye vi 
MA 
B B 
ian a 
H H 
Ss 
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in which it is assumed that the bonding orbitals in a normal B—H bond 
may be used to fill the vacant orbitals of the other boron atom. This is in 
fact only another way of describing the resonance formula JI and II]. 

The method of molecular orbitals has been applied to the problem of 
diborane by Mutuikan® who considered both the ethane-like structure and 
the bridge structure XI which is really identical with the protonated double 


H H H 
Nb 7 
B==—=B 
ftitn 
H H H 
XI 


bond structure JX and which resembles ethylene rather than ethane. The 
latter structure appears most satisfactory and the molecule may be repre- 
sented by molecular orbitals, identical with those of ethylene, which 
embrace the two protons in addition to the boron nuclei. 

The formation of such molecules as B(CH,), and BF, and not the 
corresponding dimers and the absence of the monomer BH, 1s due to the 
stabilization by trigonal conjugation, the most important empirical evidence 
for this being the very short B—X distances. This conjugation results 
from the interaction of the excess 7 electrons of the outer atoms with the 
vacant orbital of the central atom. In BHs, there are no such excess 
electrons. ‘The structure of BF, may thus be represented as a resonance 
hybrid of the four structures represented by X/J and X/II. 


F F F F+ 
WH NG 
B B- 
| | 
F F 
three structures 
All Alll 


It is thus apparent that a choice between the various theoretical treat- 
ments of the structure of diborane cannot yet be made. We shall now 
consider the experimental evidence for the structure of the molecule which 
is generally interpreted in terms of either the bridge structure /, the ionic 
structure /X, or an ethane type of configuration. 

The x-ray investigation!® of crystalline diborane has permitted the 
determination of the position of the boron atoms in the crystal lattice, but 
not of the hydrogen atoms. Consequently these data do not provide 
evidence for the structure of this molecule. 

The diffraction of electrons by gaseous diborane has been studied by 
BavEr?!, who originally interpreted the data in terms of the ethane model 
and obtained the following values for the interatomic distances : B—B 
= 1:86 A and B—H = 1-27 A. More recently!2.!3, however, it has been 
shown that the data agree equally well with distribution of atoms in the 
bridge model, the values for the distances being as follows : 


B—B = 1-80 + 0-04A 
B—H onter= 1:23 + 0-03A HBHouter = 125° + 8° 
B—H inser = 1°33 + 003A HBH toner = 95° + 5° 
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The structure being represented diagrammatically by XIV : 


XLV 


The B—H.eur distance corresponds to that in the molecule BH (1-216 A) 
so that 1t may be considered that this bond in diborane is a normal, single 
covalent bond. The B—H,,,,, distance is greater than the B—H.u. 
distance and the bond is therefore weaker. 

Such thermodynamic properties as specific heats are determined by the 
dimensions and modes of motion of the molecules. The only experimental 
data for diborane is that of Stitr!* who carried out specific heat measure- 
ments from 100° to 300° K, and concluded that the hindrance of rotation 
was considerably greater than in ethane, the rotational energy barrier 
being 4 to 6kcals in B,H, and 3kcals in C,H,. This conclusion, if 
interpreted on the basis of an ethane structure, is particularly surprising 
since the distance between the hydrogen atoms of different methyl groups 
in ethane is 2-26 A, whereas in diborane, assuming the ethane model of 
Bauer, the value is greater, being 2°70 A. The ethane structure must thus 
be rejected. Rotation cannot occur in either the bridge or the ionic 
structures. For the bridge molecule, rotation is replaced by a torsional 
oscillation and the vibrational frequency has been calculated approximately 
by BELL and Loncuet-Hicoains}* and the vibrational specific heat obtained. 
The results are found to agree with the experimental values at all but the 
highest temperatures. 

The Raman spectrum of liquid diborane has been investigated by 
ANDERSON and Burc!® and the infra-red spectrum of the gas by Stitt?’ 
and Price®, The interpretation of these data has been attempted by 
WAGNER?® and by Bell and Longuet-Higgins!’. The Raman spectrum 
has two intensive lines at 2,102 cm~! and 2,523 cm~! which must both be 
attributed to symmetrical stretching vibrations, although the ethane model 
permits only one such frequency. Furthermore, the infra-red spectrum 
contains eight bands all of which appear to be fundamentals compared 
with the five predicted for the ethane molecule. Attempts by Stitt and 
by Anderson and Burg to explain these facts by resonance splitting 
necessitate the introduction of various assumptions. The difficulties of 
interpreting the spectra of diborane are considerably lessened if the ethane 
model is rejected and the bridge model employed in its stead. The 
molecule now more closely resembles ethylene rather than ethane and 
the spectra is in many respects similar to that of ethylene. The most 
important feature is that there are now two types of B—H bond (see 
structure XJV) to which may be assigned the two Raman frequencies. 

Further confirmation of the bridge type of structure comes from the 
methylation of diborane. It is found possible to replace only four of the 
hydrogen atoms with methyl groups and on further methylation instead of 
B,(CH3)3, two molecules of B(CH 3), are produced. The molecule 
BH(CH,), does not exist as the monomer, but like BH, dimerizes imme- 
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diately on formation. These results have been discussed by SCHLESINGER 
and Burc?”° in terms of the bridge structure. 


THE HIGHER BORON HYDRIDES 
The concepts discussed above, permit proposals to be made concerning 
the structure of other boron hydrides which have not been subjected to 
such an extensive experimental investigation as has diborane. The pro- 
posed formulae fall into two groups, that favouring the resonance of 
structures analogous to those represented schematically for diborane in 
IV to VT (Syrxin and Dyatxina‘) and that employing the concept of the 
protonated double bond (PiTzeEr’). 
B,H, o— This molecule is represented by Syrxin and Dyatxina‘ as a 
resonance hybrid of the following structures : 


H H H H H H H H H 
NG a ff Se 7 ee NH 
o oe. XS Va aa ee ax 


As pointed out above, it is doubtful whether resonance alone would be able 
to link the two outer boron atoms to the central group, although the ready 
dissociation of this molecule is explained by the looseness of this bond. 
A more fundamental objection is the small value of the B-B+H and B*+*B-H 
angles in the central group of atoms. The protonated double bond 
structure Is : 


The main objection to these formulae would appear to be the full negative 
charge existing on each boron atom, 
B,H,— The proposed structures are : 


1 i 
H Bie H H Pa H 
SH Aer Na ee, 
B B B B 
4 / \ \ 
H H H H H H H H 
/ \ \ 
B—__—__B B———_——-B 
/ / ™ 
H H H H 
H H 
| | 
H van H H an H 
KZ \. 7 \ \ 
B- B- Bt Bt 
SN oN 
H H H H H H H H 
7 YF 
Bt Bt B- B- 
/ \ / \ 
H H H H 
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and 


— 
aT 


H 
NH ae 4 
Bo B 
H+ Ht 
w/a 
B-— B- 
/ \ 
H H 


B,H,,— In this compound the structure may be represented as i 
resonance hybrid of the following forms : 


H H 
b 
\ oH H H HY 
Pr re OG Ne \ 
LN \ JX \ / LN / a. 
H H H H 
H H 
, 
H H /\  H H H 
ee BY \ SoS Ns Re 
/ LN LN \ I~ \ 7 YN 
H H HH 4H H H H HH 4H H 


or by the protonated double bond structure : 


: 


Sed se 2" 


ae BN 
Na H 


B,.H,, — For this molecule the following structures have been proposed : 


-~BH, *BH, 
a4 BH—BH, H,B—BH BH—BH, 
SSH 
+BH, -BH, 
BH, BH, 
fi : 
H,B—-B +BH—BH, H,B—*+BH -BH—BH, 
\ 
BH, BH, 


la‘ 
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BH BH Z ss 
H H 
a aN \7 J ae A / 
H,B—B +BH B- H,B—B B x 
x HY” Nu Nu H 
BH, BH, 
1b! 
H H H 
\ 7 
B- B 
H+ || H+ H Yn H 
B- SS 4 \ 7 
H i \. OH B- 
Er ae H+ | H+ H+ | H+ 
Spat a \ Re 
f HFN a # 
H H 
r ur 


B,H,,.— The following structures have been proposed for this compound : 
a chain structure, 


HH 4H H 
H i 4 +BH, i Ne ; 
H,B- Be ‘7 Nu H,B+ Nat \y” Hn” 
\ Xd fn. 
H H H H H 
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B,oH,, — According to Syrkin and Dyatxina‘ this molecule may be 
represented by the following possible structures : 


HB ye HB BH 
LoN VA 
HB- Bt ~BH HB+ N3Z Neu 
SN A \ 
H H za H H H HH HH H 
ee a i 
HB+ B- +BH HB- Bt ~BH 
ae A \ 
HB BH BH 
Ta 
+BH, BH, 
\ 
H,B—BH B=B BH—BH, 
-BH, +BH, 
four structures 
BH, BH, 
/ VA 
H,B—~-BH +B= B- +BH—BH, 
BH, BH, 
Sour structures 
Ib 
BH LH, 
i / H H 
Va \ / Sey 
H,B—B BH—B +BH B- 
\ ye YN 
H H 
BH, BH 
BH BH, 
ee Pe 
/ ff 
H,B—B BH—B -BH + 


BH, BH 


Nexkrassov? has suggested a naphthalene-like structure for this molecule 
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which has been modified on the basis of the idea of the protonated double 


bond to give the formula’ : 
H H 


, , 
NINE 
| 


H+ Ht | 
B B- B- 
Ta ae aa? 

B B 

HOW 
An investigation of the structure of decaborane has been recently carried 
out by Kasper, Lucut and Harker?! by single crystal x-ray diffraction 
methods and the results would appear to indicate that none of the above 
formulae are correct, since the location of the boron atoms is as follows : 
No suggestion has yet been made, how- 
ever, as to the nature of the bonds 
linking the atoms in this structure. 

It will be clear from a consideration 
of the structures given above that it is 
no longer necessary to assume a single 
electron bond to explain the structure of 
the boron hydrides. The main objections 
to the two groups of possible structures 
given are that in the forms proposed 
by Syrkin and Dyatkina the resonance 
energy of the molecule is regarded as 
sufficient to bond the separate parts of the molecule together and although cal- 
culation appears to show‘ that the energy thus obtained is sufficient to produce 
a stable molecule, the method has been criticized® on the grounds that the as- 
sumptions made in the calculation are not valid. The objection to the Pitzer 
formulae are that all boron atoms taking part in the protonated double bond 
bear a negative charge which would appear to produce instability. 

The properties of the hydrides show that B,H,, B,H,,) and Biol, are 
more stable than B,H,), B;H,, and B,H,,. This is understandable on 
both proposed formulae since the more stable compounds are shown to 
possess More resonance structures and more B—B bonds, or a cyclic in 
place of a chain structure. The instability of the B,H,, ring structure 
may be attributed to the fact that each boron atom is negatively charged. 

Diborane forms several compounds in which decomposition to BH; has 
occurred during the course of the reaction, e.g. 

B,H, + 2CO = 2(/H,B-—C=O?t] 

B,H, + 2N(CH,), = 2{H,B-—N+(CH,)s] 

The product of the reaction of diborane with ammonia is generally written 
in the form B,H, (NH,), in which it would appear that the ion (B,H,)?~ 
occurs, but since B,H, does not show acidic properties, it would be more 
correct to give the structure as 

[-BH,—*NH,—~-BH,] +*NH, 
which is in agreement with the behaviour of this compound in liquid 
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Figure 74. Structure of decaborane 
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ammonia” and further evidence for this structure is shown by the existence 
of 2 B—N—B system in B,N,H, and B,NH,??. 

For the structure of B,NH, two structures have been proposed: J which 
is similar to dimethylamine and which since both N—B bonds are donor- 
acceptor bonds, should perhaps be written more correctly as Ja 


H H H H 
SZ NSH 
B- B 

\ oN 
H fo H 
H—N?2+ H—N 
s H Ne 
7 SH 
B- B 
a, oS 
H H H 
I la 


H H H H 
AZ SZ 
H H <a 
wa aa 
N+ H N+ H 
4 ed Wa * 
a aN 
H H H 
I] 


The electron diffraction data do not permit a choice to be made between 
the two formulae, but the chemical evidence indicates that the second 
formula is probably correct. 

The structure of triborane triamine (borazole), B,N,H, appears to be 
analogous with benzenc??. The analogy, however, is not complete since 
in triborane triamine the greatest contribution to the molecular resonance 
will be given by the single bond structure 


H 


| 
B 
ye Soy 
N N 
, | 
“\/™ 
i 
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and the double bonded configurations 


H H 
| | 
B- B- 
H ~*~ H H de De H 
Sy / \ H 
N+ Nt N 
| | | | 
B- B- B 
aa \ / \ 
H NN H H H 
Nt +N 
| | 
H H 
two structures three structures 


will play a lesser role, owing to the fact that the charge distribution so 
introduced is contrary to the relative electronegativities of the boron and 
nitrogen atoms. As a consequence the B—N distance is only 0-06 A shorter 
than in a single bond. 

The product of the addition of four molecules of ammonia to B,Hyjp is 
generally written (B,H,)(NH,),, but such a formula, suggesting the 
existence of a (B,H,)4~ ion, is unlikely in view of the instability of BsH4, 
and the lack of acid properties of B,H,. The structure is more probably 
represented by 


SEN 


\ 
: *+NH—-BH,—+NH,—-BH, 2(NH,)+ 
| 


Ae roe Ss he 


Q ae 


One of the most important reactions of diborane is its interaction with 
amalgams of highly active metals, e.g. sodium and potassium, to give 
compounds such as K,B,H,, which are sometimes referred to as salts of 
diborane. These compounds are non-volatile, insoluble in liquid ammonia 
and common organic solvents and react with water. Consequently their 
formulae have been determined from magnetic measurements and not 
from molecular weight determinations. The addition of two electrons to 
the electronically unsaturated diborane, 


BH, + 2e > (BH)? 


leads to the formation of an ion analogous to ethane and therefore expected 
to be stable ; in fact the diborane salts are more stable than diborane?® 
It would appear therefore that the structure of these salts is represented 
by the formula 

2K+ {H,B-—— BH] 
In connection with the marked increase of stability of these compounds 


it is interesting to notice that whereas B,Hg does not exist, the corresponding 
salt K,B,H, is known ; evidently it possesses the structure 


(H,B-—BH—BH—-BH,] 2Kt 
Schlesinger and Burg? describe many metallo borohydrides which are 


metal-boron-hydrogen compounds containing unusually large amounts of 
hydrogen, prepared by the action of diborane on the metal alkyl compounds. 
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Lithium borohydride is a salt-like substance to which the formula +Li~BH, 
may be ascribed. The structure Li—~BH;,H? 1s less probable and evidently 
for this reason lithium borohydride does not react with trimethylamine. 
On the other hand Be(BH,), is unlikely to have the structure 
“BH, Be?+ ~BH, since it is volatile and possesses few salt like properties. 
The structure is therefore formulated as 
H+ -BH,—Be—-BH, H+ H+ -BH,—Bet+ -BH, 

Sixteen structures eight structures . 
Beryllium borohydride reacts with triethylamine to give the compound 
Be(BH,),.N(CH3)3. The structure of this compound is not fully under- 
stood, but may be represented by 

-BH, *Be—-BH, *+NH(CH,), 

or 

Ht ~-BH,—Be—-BH, +tNH(CH,), 


Aluminium borohydride AIB,H,,. possesses no salt like properties and 
its structure may be represented by 


H+ H;B- H+ H,B- 
Al—-BH, Ht and Al+ ~-BH, 
7 
H+ H,B- H+ H,B- 
sixty four structures forty eight structures 


This compound readily reacts with trimethylamine to give AIB,H,N(CH,)s. 

An important feature of all the above structures is the presence of boron 
in the negatively charged tetravalent state. Similarity with the boron 
hydrides is shown by other members of the third group of the periodic 
table. Thus gallium forms a hydride* having the formula Ga,H, and 
the structures of Al,Cl,, Al,Br,, Al,I,, Al,(CH,),Cl,, Al,(CH ),Br. have 
a similar configuration®® to that occurring in B,H,. ‘The structure of 
Al,(CH;), is not completely understood, the electron diffraction data 
indicating an ethane structure and the Raman spectra”® an ethylene type 
of structure. 
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THE SOLUTION OF THE THREE ELECTRON 
PROBLEM USING SLATER’S METHOD 


THE REACTION OF ATOMS WITH MOLECULES 


IN THE HYDROGEN molecule, the valencies of both atoms are fully 
saturated and it is not possible to form a third bond to give the molecule 
Hs, since such a molecule is thermodynamically unstable by comparison 
with the system H, + H. The molecule of hydrogen may therefore only 
enter into reactions of the substitution type, 


abtc=atbe 


for which the reaction between a hydrogen molecule and deuterium may 
serve as an example : 
H—H + D=H+H—D 


When the atom ¢ is a considerable distance from the molecule ad, the 
distribution of the electrons may be considered to be, 


at Jo te 
1 2 3 
I 


The electrons 1 and 2 are transferred (exchanged) between the atoms a 
and 6 thereby furming the covalent bond in the molecule ad ; electron 3 
at this distance takes little part in the exchange phenomenon. As atom ¢ 
approaches ad, owing to the non-localization of the electrons the possibility 
of an electron transfer between the molecule ab and the atom ¢ increases. 
Let us consider first the possibilities of transfer when the bond between 
a and 6 is maintained ; this can only occur when electrons 1 and 3 are 
exchanged since the transfer of electrons 2 and 3 is prohibited by Pauli’s 
principle. The bond in the molecule ad is now formed by electrons 2 and 3, 
electron 1 having been transferred to the atom ¢. Such a transfer of elec- 
trons with parallel spins leads to an increase in the potential energy of the 
system (see Chapter 3) and the approaching atom is therefore repelled. 
Thus, in order that an atom may approach a molecule, its translational 
energy must be such as to overcome this energy of repulsion. 

However, owing to the delocalization of the electron, the electron 2 may 
transfer from its original position to a position between the nuclei 6 and ¢, 
i.e. it transfers from an ab molecular orbital to a dc molecular orbital and 
the system now consists of an atom a and a molecule be, 7.¢. 


at b L te 
] 23 
I 


Since the distance between the atoms b and ¢ is greater than that between 
a and b, the new bond is considerably weaker than the original. Never- 
theless the state J/ is superimposed on the state / if the atom ¢ approaches 
sufficiently near to ab. Owing to the fact that electron 2 is now not always 
taking part in the formation of the bond between a and 3, but also par- 
ticipates in the bond between 6 and ¢, the bond a—é is weakened. Thus 
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an approach of the atom ¢ to the molecule ab produces a stretching of the 
bond a—b. 

The repulsion of ¢ from ab (owing to the transfer of electrons 1 and 3) 
increases as ¢ approaches ab. Simultaneously the state a—bc becomes more 
probable and resonance between the states a—bc and ab—c somewhat 
decreases the energy of repulsion. Thus, although it is necessary to expend 
energy as translational energy in order to bring atom ¢ up to the molecule 
ab, there may ultimately be attained a state! in which 6 is equally joined 
to both a and ¢. This active complex or transitional state may be 
represented as 


It does not represent a stable state and corresponds to the atomic con- 
figuration at the highest point of the 


potential energy curve. The energy ex- 
pended in bringing the system from the 
state J to this configuration represents the E, 


energy of activation for the substitution 
reaction. 


The energy changes during the reaction \ 


are represented in Figure 75. As explained 
above the energy at first increases, passes a ara: 
through a maximum and then falls tothe — Fisuré 75. Pena ue of activation for 
energy of the final state. Eg, represents ee ape tenen e 
the magnitude of the activation energy of the forward reaction 


ab +e—-a-+ be 
and Eg, represents the activation energy of the reverse reaction 
at+be—>ab+e 


The difference Eg, — Eg, = 4H, is the change in the heat content for the 
reaction. 


SLATER’S METHOD 


We shall now consider the system of three atoms quantitatively using the 
method described by SLATER”. We shall refer to the three atoms by the 
letters a,b andc. At great interatomic distances the electron of each atom 
is found only in the field of its own nucleus. We shall call the electron of 
atom a, 1; of atom 6, 2; and of atom c, 3. The state of the first electron 
is described by the wave function (1), of the second by y¥,(2) and of 
the third by %,(3). If we now assume that the movement of the electrons 
in the atomic orbitals is not affected by the presence of the other atoms 


(see Chapter 3), we have 
Py = a(1) $o(2) $(3) ves (16.1) 


In order to simplify the symbols, we shall represent ¥, by a, ¥, by 6 
and yw, by ¢ and we shall always place the function describing the first 
electron first, followed by the function for the second and third electrons. 
Thus the expression xb, = abc indicates that the electron 1 is located at a, 
electron 2 at 5, and electron 3 at ¢, i.e. 


1 = abe = Ya(1) ¥r(2) $-(3) 
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Similarly the function %, = bca indicates that the electron 1 is at 4, 
electron 2 at c and electron 3 at a, 1.¢. 


pe = bea = Yr(1)$.(2) $.(3) 


For the complete description of an electronic state it is also necessary 
to indicate the direction of spin. Each electron may have a positive or 
negative projection of 


Table CLXXI. Spin States for a Three Electron System the spin angular 
| | momentum, s, and 
First electron ; Second electron , Third electron therefore in a system of 
ee eee three electrons, 2° = 8 
s | function’ Pee los different combinations 
| — are possible. These 
1 | +4] a(t) | +3] @(2) +4] @(3) | + % eight states are given 
2 jth) at) +2) @(2) — 3) 4(3) | +4 in Table CLXXI where 
S44 oe) Ge by Ba) Sa) 8) | ee ee cal fs foreach 
4}—#] AQ) | +] a (2) +h] 2) | +4 Ene values O's lore 
| | | electron are given, to- 
5 zs An | me Ha re i 4 gether with the value 
— I a (2 ae 3 = ° 
pL =H] BG) | TE] Be) FE) eh | If of Bs, being the tox 
ae en Allie: BAe oo B(3) | —¥ 


electrons. 

There thus exist eight 
states of a system of three electrons for a given arrangement of the nuclei 
in space. The first state corresponds to the function : 


a(1)a(2)a(3) 
and the total wave function of the system is 
$1 = Pa(1)a(1) fo(2) a(2)p.(3) a(8) . ++. (16.2) 
or using the simplified nomenclature 
$, = aabaca .... (16.3) 


The first term aa, t.e. p.(1)a(1), represents the complete wave function 
of the first electron which 1s a product of its space function (1) and its 
spin function a(1). Similarly da and ca are the complete wave functions of 
the second and third electrons. Thus the eight states are characterized 
by the following functions : 


As the atoms approach each other, the 


¢, =aabaca ¢,=aabBcB electrons may exchange places and the 
¢: = aabacB $, = aBbacB number of possible variations of the three 
¢, =aabBca $¢,=—afbBca electrons between the three nuclei is 3 ! 

.=aBbaca ¢,=—afbBcB = 6. These are given in Table CLXXII. 


..(16.3) The total number of wave functions de- 

scribing the possible states of the system 

consequently is equal to 6 x 8 = 48. In order to satisfy Pauli’s principle it 

is necessary to obtain the antisymmetric linear combinations of these 
functions (see Chapter 3). Let us consider, for example, the function : 


$3 = aab Bea 


and obtain the appropriate antisymmetric combination. For this purpose 
we need not consider the linear combination of all the forty-eight functions, 
but only of the six which are obtained from ¢, on rearrangement of the 
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electrons. We shall denote Table CLXXII. Arrangement of Three Electrons 
the rearrangement by Pa, Between Three Nuclet 

where the subscript indicates 
the electrons that have been 


| First electron | Second electron | Third electron 


exchanged. Thus Pd, indi- ees eis Pee ae 
cates that in the function = —-——-—___— | 
gs, a rearrangement of the ¥: = abc a b c 
electrons has occurred. In ¥: = re . b 
the first case we have the *"* °~ : . . 
rearrangement which is y, = cba! ¢ b a 
identical with the original Ws = 4a’ b | ¢ a 
so that no change is notice- «= °? | : | : 
able; this we shall denote : 
by P- so that 
P.¢3 = ¢, = aabPea .. (61.4) 

The exchange of electrons 1 and 2 gives, 

Prods = P,,aabBca = bBaaca ....(16.5) 
The exchange of electrons 1 and 3 gives, 

Pi9¢5 = P,,aab Bea = cabBaa .... (16.6) 
The exchange of electrons 2 and 3 gives, 

Poss = Py,a0b Bea = aacabB .... (16.7) 
The exchange of electron 1 with 2 and 2 with 3 gives, 

Po9¢3 = Py93406fca = bBcaaa . . (16.8) 
and finally the peta! Sanaa of electron 1 with 3 and 3 with 2 gives 

P30%3 = Pj3,¢0bBca = caaabp . (16.9) 


The six rearrangements of the three electrons may be divided “nto two 
classes according to the number of pairs of electrons that have been ex- 
changed. Thus on the exchange of one pair of electrons, the rearrangements 
are P,,, Pys and P,, and are termed odd. The remaining rearrange- 
ments P,, P39, and Py3, are even, since the number of pairs of electrons 
exchanged is zero or two. In order that the linear combination of the 
functions be antisymmetric, it 1s necessary to take the functions corre- 
sponding to even rearrangements with a positive sign and those with an 
odd rearrangement with a negative sign. The following wave function is 
then obtained : 

®, = aabBca + bBcaaa + caaabB — bBaaca — cabBaa — aacabB 
. (16.10) 
This expression may be written as 


= L(—1)*Paab Bea oe (16.01) 
P 


where Paabfca gives the particular rearrangement of electrons between 
aa, 6B and ca and the term (— 1)” gives the sign of the function during 
a given rearrangement. If the rearrangement is even, then P is even, and 
(— 1)? = +1, and when P is odd, (— 1)? = — 1. 
The function 16.10 is antisymmetric, as shown by exchanging electrons 
I ae : when we obtain, 
= bBaaca + cabfaa + aacabB — aabBca — bBcaaa — coal? 
16.12) 
which is identical with 16.10 apart from the reversal of the sign throughout. 
Rearrangement of electrons 1 and 3 or 2 and 3 leads to the same result. 
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We have so far considered only the formation of the antisymmetric function 
®, from the function ¢,, but there will be in all eight such functions, 
corresponding to the eight possible spin combinations (Table CLXXI1). 
These are : 

one with Zs = + 3/2 


G, = u(— 1)*Paabaca 
three with Ls = + 1/2 
@ 2(— 1\*PaabacB 
®, = 2(— 1)*Paab fea 
@ u(— 1)*PaBbaca 


three with Xs = — 1/2 oeae( £0.19) 
(— 1)?Paab Bc B 


@, = & 
P 

@, = X(— 1)*PaBbacB 
P 

® x(— 1)*PaBb Bea 
P 


and one with Ls = — 3/2 
@, = X(— 1)?PaBbBcB 
P 


In order to obtain the possible energy levels of the system of three atoms, 
it is necessary to take the linear combination of the eight functions in 
equation 16.13 with arbitrary coefficients and determine the values of the 
coefficients when the energy has a maximum value. The procedure is 
analogous to that given previously for two atoms of hydrogen, but in place 
of two similar equations for ¢, and c,, we obtain an expression with eight 
unknown coefficients. The secular equation will consist of eight rows and 
columns, The roots of this equation, eight in number, will give the possible 
values of the energy of the system. The equation is of the following form, 


Hy,—-E H y,—ES jo H13—ES), ied H 13 —ES ig 

He yg—ES} H,—E H 93 —ESos ee H 03 —ESog 
H13—ES\3 H 93 —ESo3 H3,—E ee FH 3, — ES = 0 
H ig—ESjg H 9, —ES'og H 3g —ESoe Gs H yg—E 


.... (16.14) 


where F is the energy of the system, # is the Hamiltonian operator and 
Hy = [PHO dr Hyg = [OHO dr Sy = [O,.dr ete 


Let us now consider the evaluation of the integrals entering into this 
equation. The functions of equation 16.13 must be normalized t.e. it 1s 
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necessary to deterniine the coefficient of ®; such that [o2dr = 1. However, 
we shall carry out the evaluation of the integrals [2dr first without the 
normalization coefficients ; let us consider the particular case of { ®, "dr. 
The function ®, ts given by : 
®, = X(— 1)*PaabacB 
P 
= aabacB + bacBaa + cBaaba — baaacB — cBbaaa — aacBba 
».. (16.15) 


The square of this expression will contain twenty-one terms, six being 
squares of the individual terms in equation 16.15, 7.e. of the form (aabacB)* 
and fifteen being products of the form 2(aabacB)(bacBaa). It is therefore 
necessary to evaluate the six integrals of the general form, 


{ (aabacB) (aabacB) dr .... (16.16) 


and the fifteen integrals of the general form, 


2{ (aabacB) (bacBaa)dr ... (16.19) 


The independence of the spatial and spin functions from each other 
permits us to carry out two separate integrations, one involving space 
coordinates and the other the coordinates of spin. Thus 


| (aabacB) (aabacB)dr (16.18) 
becomes 
f (abe) (abe) dx dy dz,dxqdy ,dzpdvgdygdzs | (aa) (aaB)dw du dus 
.... (16.19) 


In this expression the coordinates of space and spin are independent of 
the electron and the integration may therefore be derived separately for 
each electron. Thus equation 16.19 becomes : 


fat()er, [07(2)dr, [c2(3)drg fa2()de, [a%(2)dw, [ 8°(3)dw, 
....(16.20) 


where dr, is the element of volume in space equal to dx,dy,dz, of the first 
electron and dw, 1s the spin coordinate for the first electron ; dr, and dw, 
are the respective elements for the second electron and dr, and dwg, those 
for the third electron. 

Since only two values of the spin quantum number are possible, the 
integration may be replaced by a summation of the two possible values, 
viz +4 and — 3, hence we have : 


fa%dw = a%(+4) + a%(—}) 
[edu = B2(+ 4) + B?(— 4) 2. (16.21 
f aBdw = a(+ 4)B(+ 4) + o(—4)8(— 4) 
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But according to the definition of the function a and f (see equation 3.101) 
we have : 


o(+4)=1 a%(—})=0 p(+H)=0  B{-H) = 1 
.... (16.22) 
Hence it follows that, 
forde =] | B%dw = ] [oBdw = 0) =idese( 16:23) 


and the spin functions are normalized and orthogonal. 


From equation 
16.23 it follows that, 


f a(1)dw, fa?(2)du, i B2(3)dw, = 1 -... (16.24) 
so that 
(i (aabacB)%dr = far(yar, i b2(2)dr, [e*(8)drg .. 2. (16.25) 
The space functions are also normalized to unity so that, 
fardr = j [o%dr = 1 ferdr = 1 _... (16.26) 


and consequently each member of the term [(aabacB) 2dr will be equal to 
unity ; there are six such terms. 
Let us now consider the integrals of the type : 


(aabacB) (bacBaa)dr 


which may be rewritten as follows : 


a(1)b(1)dr. | b(2)c(2)dr, { ¢(3)a(3)dr, | a2(l)du, f a(2) B(2)dw, i a(3) B(3)dw, 

.... (16.27) 
It is evident that this expression must equal zero on account of the term 
i aBdw, (see expression 16.23 above). Therefore, in all expressions that 


contain the integral of two wave functions involving a different arrange- 
ment of spin functions in the spin terms, e.g. aaf and afa, the resulting 


occurrence of the [aBdw term will make the term equal zero. Thus of the 


fifteen products in J @,7dz, the following integrals equal zero : 


[ (aabacB)(bacBaa)dr —{ (bacBaa)(cBbaaa)dr | 
J (aabacB)(cBbaaa)dr —_f (cBaaba)(baaacB)dr 
| (aabacB)(cBaaba)dr —_{ (cBaaba)(aacBba)dr 

-. (16.28) 
J (aabacB)(aacBba)dr —_{ (baaac)(¢Bbaaa) dr 
[(bacBaa)(cBaaba)dr —{ (baaacf)(aacBba)dr ! 
J (bacBaa)(baaacB)dr —_{ (cBbaaa)(aacBba)dr 
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There remain three products with identical arrangements of spin functions : 


2[ (aabacB)(baaacf)dr 
2[ (bacBaa) (aac Bba)dr .... (16.29) 
2 J (cBaaba)(cBbaaa)dr 

The first of these integrals, | (aabacB)(baaacB)dr is equal to : 


fecayo(1)dr, { b(2)a(2)dr, [et(3)drg f a%(1)de, a2(2)dw, | B2(3)dw, 
....(16.30) 


Owing to the normalization of the spin functions and the function [e2(3) drs, 
equation 16.30 simplifies to : 


facayo(1)dr, [(2)a(2)drg -.. (16.31) 
In Chapter 3 we have denoted the integral Yaad by S, so that 
facao(ydr, [6(2)a(2)dr, = s? ... (16.32) 


In just the same way the integrals | payidr and [ vowed are also equal 


to §. When the integrals are not orthogonal, they have a value which is 
always less than unity and in Slater's method it is assumed that the values 
are sufficiently small to enable the square of the functions to be neglected. 
This assumption is only justifiable at large distances between the nuclei 
and the disregard of the non-orthogonality of these functions at distances 
of the order of 10-$cm is a considerable approximation. On neglecting 
the square of the non-orthogonal integral S, the Heitler-London cquation 
for the energy of the hydrogen molecule (equations 3.91 and 3.92) becomes 
C + A instead of (C + 4)/(1 4+ S®). For the case of the hydrogen molecule 
in which the hydrogen atoms are at the equilibrium distance, S = 0°75 
and S? = 0°56, thus the neglecting of S? introduces an crror of approxi- 
mately 30 per cent, but the attempt at calculation taking the non-ortho- 
gonality into account involves considerable mathematical diflicultics. 
If S$? is approximately equal to zero, then the integral 


{ (aabacp) (baaacB)dr 


and the remaining integrals of equation 16.29 are zero and hence in the 
integral [2dr there remains only the six terms of the type [(aabacB)%dr 
each of which is equal to unity. Thus 


[oe 2dr = 3! 6 .. 2. (16.33) 


In the gencral case, with a electrons, the total number of such integrals 
will be n ! 


Let us now introduce into the function ®, the factor 1//n! = 1/\/3 3, 
so that 


[ @.tdr = 1 -. 2. (16.34) 
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and the function ®, is normalized. The same normalizing factor 1/+/6 
will apply to all the remaining functions in equation 16.13. To show that 
this is so, let us evaluate the integral : 


[oar = (ze 1)*Paabaca. &(— 1)*’P’aabacadr 

P r’ .. (16.35) 
This function will also consist of twenty one terms, six of which will be of 
the form { (aabaca)*dr and equal to unity, the remaining fifteen terms are 
of the form : 


{ (aabaca)(baaaca)dr = { a(1)b(1)dr, i b(2)a(2)dr, [e?(8)drq x 
x fa2(1)de, fa%(2)deng (a*(3)dug (16.36) 


which correspond to the rearrangement of the first and second electrons. 
In this case the spin functions are the same, being (aaa) (aaa), but the 
terms become zero since each will contain S?. 

Thus on normalization and assuming S? = 0, the eight functions of 
equation 16.13 may be written : 


$,= vat : a 1)?Paabaca @, = 3 % (— 1)?PaabfcB 
6, = sar & —1)'PaabacB =, = vat (— 1)*PaBbacB 
$,= 4 E(—1Paabfca 8, = a (— 1)"PafbBca 
b, = a Z(—1)*Pafbaca gs, = aze (— 1)’Pa Bb BcB 


(16.37) 


Let us now obtain the ndn-orthogonal integral of two such functions, 
or example S,5. This is 


S23 = srf2 (— 1)*PaabacB 2 (— 1)?'P’aab Beadr 


. . (16.38) 


and will consist of thirty six terms. It was shown above, however, that 
only those terms in which the same rearrangement is produced in both the 
first and second parts are not equal to zero (otherwise the term will contain 
S? and therefore be zero). But if, for example, in both parts of the term an 
identical rearrangement is made v1z 


{ (aabacB)(aabBca)dr = far(d)ar, { b2(2)dr. [c?(8)drg x 


x J a2(1)dw, f a(2) B(2)dw. J a(3) B(3)dw, ....(16.39) 
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the integral becomes equal to zero on account of the | a(2) B(2)dw, term. 
In any other rearrangement the spin function of the first and second multi- 
pliers is different and consequently 


Sos = 0 ...~ (16.40) 


In exactly the same manner all the remaining non-orthogonal integrals 
equal zero and it is therefore possible to rewrite the secular equation 16.14 
in the form : 

i 


Hy,—-E H 9 Hs Hi 4 H 5 H 16 Hy Hr 
Hr» Hoe—E H 03 H 94 H 95 H o¢ H 97 H 29 
Hy H a3 Hy3—E HE 34 H 35 H 36 H 37 H 39 


| 
H 4 H 24 H 34 H yy—E H 4s H 46 H a7 H a9 
| 


H 5 H o5 H 35 H 45 H,—E H 56 H 59 H 5¢ =0 
H 16 H 06 H 36 H 46 H 56 H eg—E H 67 H 6g 
H 14 H 2 H 39 H 49 H 5. H 67 Hy,—E KH a8 
ne 2 2 2 2 2 2 2 
| 
oe (16.41) 


Equation 16.41 may be considerably simplified by dividing it into several 
equations of lower order corresponding to different values of Xs. This is due 
to the fact that the functions @ for different values of Xs are combined with 
each other. If i and & refer to functions having different values of &s, 
é.g. t= 1 (Ls = + 3/2), and k=2 (Ls = + }), then it is possible to 
show that all the #%g integrals are equal to zero. Let us take #4, 
as an example. 


H 10 ——s [ %,%#0,ar 
] 
= iJ (— 1)’Paabaca ¥ as 1)” P'aabacBdr ....(16.42) 


The operator % is not dependent on spin and hence the integration of 
the spin terms may be considered separately. The terms of equation 16.42 
on expansion give, 


{ a(1)5(2)c(3)a(1)a(2)a(3) H#a(1)b(2)c(3) a1) a(2) B(3)dr 


»o+ (16.43) 
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and this expression may be rewritten in the form 


[2 10(2)e'B} Hall BD Bjdrydredry [a*(1}dw, [a*/2,dwrg [a(3) 2(3) dug 
-... (16.44) 


Clearl. it becomes zero as a result of the orthogonality of the spin functions. 
In the group of terms before the operator in equation 16-43 we have 
the spin terms aca and in the group after the operator aa§ so that in any 


rearrangement of electrons the term | asdw must be introduced and 


Hy. =0 oo. (16.45) 


The integrals #, are not equal to zero in those cases when integrals 
o: the form 


[ete Xabeds fa? 1) a2{2}a2(3)dw dw dw, 2... (16.46) 


[ coc %abeds [a1 a2’2) B23)dw,dwyderg -. 2. (16.49) 


in which only the square of the spin functions and not their product enter 
into the resulting expression. In order for this to be so it is essential that 
the total value of the spin quantum number 5; is the same in both functions 
d,and 6, Evidently the state 6, ‘Ls = + 3/2, three a spin funcuons) 
does not combine with any one of the remaining states of the system. This 
will also be the case for ®.. when Ls = — 3 2 and allspin functions equal 8. 
The three states ®,, D, and ®, correspond to Ls = — } (two a functions 
and one 2,. Among che chine six terms of each produc: ®,%,, DD, and 
@,2,, there is the same arrangement of electrons and hence hese three 
States may combine amongst themselves, but not with others. In the same 
way ®,, ®, and ®,, corresponding to Ls = — § (two 3 functions and one a), 
may combine only with each other. 


0 o)— 


Thus the integrals : 


Fin ¥ 13) Fig 215. #16: Lary X ys 
#45) F a6: 33 # 93; 
P35) F 35: x 73 Aas 
F 453 # 45: S43 © yas 
Pike es and R a: 
equal zero and the integrals : 
Fi Hex A 33 F 445 F 55: F sg. Ras H ass 


F 33: F 04: Fx) F 54, ® 525 ani X 6; 


» 
these data in equation 16.41 we have: 


ae 


are not equal to zero. Substitut-: 
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H,,-E0 0 0 0 0 0 0 
0 Hoy—E Hoy H 94 0 0 0 0 
0 H x3 Hyys—E H 3, 0 0 0 0 
0 H og H 34 Hyy—-E 0 0 0 0 =0 
0 0 0 0 H 5s —E H 56 H 59 0 
0 0 0 0 H 56 H gg—E XH 67 0 
0 0 0 0 H 59 H 67 H,—-E 0 
0 0 0 0 0 0 0 H yg—E 
| ....(16.48) 


which may be rewritten in the form of a product 
Hor—-E Ho, Ha | HLys—-EXse Xs 
(Hy,—-E) (Hee E)| Han Has -E Ha Hse He -E Her = |= 
Pe ee Hue E| Hs Her Xy-E 


....(16.49) 
The equation of the eighth degree is thus reduced to two of the first degree 
and two cubic equations. It follows that one solution is 
H,,—-E=0 
and 
Hye 
This solution corresponds to a state of the system of three electrons in 
which all electrons have parallel spins; all three atoms are therefore 
repelled from each other and this is the most unfavourable energy state 
of the system. 
Let us now calculate the values of the integrals #,,, Hoo, Hos 
etc. We shall consider first the integral %,). 


Hy, =| XCar = a i E(—1)*Paabaca ¥ E(—1)""P'aabacads 


.... (16.50) 
All the thirty six terms will contain 


f a*(1)a?(2)a%(3)dw,dwdws = [ J atdw }® —.... (16.51) 


which, being normalized, is equal to unity. It is therefore only necessary 
to consider the function of coordinate space of ® and hence 


Hi = f= (+1) *Pabex E (— 1) ¥Prabedr 


woe. (16.52) 
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2(— 1)*Pabc refers to the six terms : 


abc — cha 
bea — ach 
cab — ba 


so that #,, is the sum of the thirty six integrals : 


X= al fabexabedr + [bca%Xbcade + [cab acabdr 
+ febaxXcbadr + [acbH#achdr + [bacdbacdr | 

+ 5 [—fabcatbacdr — [bead acbdr — [cab %cbadr 
—[cbadXcabdr — {acbd#bcadr — { bacHabedr | 

+5 [ —fabedabdr — [bcadtcbadr — [cab%Xbacdr 
—[cbadXbcadr — [acbdabcdr —  bacd#cabdr | 

+5 [ —febcatcbade — [bca%bacdr — {cabIHachds 
—[cbaxXabcdr — [acb#cabdr — | bac¥bcadr | 

+ 5 [ +fabcabcadr + [bca%cabdr + [ab x abedr 
+febaxXbacdr + [acbHcbadr + [bacd#achdr ] 

- [ +fabcaeabdr + [bca%abedr + [cab%Xbcadr 


ue | chaXachdr + | acb#bacdr + | baci cbadr | 
.... (16.53) 


In this expression we have separated the terms into six groups, each 
containing six integrals. In all the members of the first group, the function 
to the right of the operator is the same as that to the left. In the second 
group, the function to the right of the operator is reproduced on the left 
with the rearrangement Py, 2.e. the electrons of atoms a and 0 have been 
exchanged. In a similar manner the third group corresponds to the re- 
arrangement P;,, the fourth to the rearrangement P,,, the fifth to Pus, 
and the sixth to P,.,. Since with the terms of the first group there is no 
exchange of electrons, these must refer to a Coulomb type integral, the 
remaining integrals are all exchange or resonance integrals. 

We shall now prove that all the members of one group are equal among 
themselves. The Hamiltonian operator will contain terms for all the 
interaction of the electrons with the nuclei, for the electrons amongst 
themselves and of the nuclei amongst themselves. Thus 
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Pe ce SE 
2 2 2 ta, To, oe 15, 1s, Ths 

1 ] 1 I l } 1 ] ] 

a. ~ Tey 7 Ves v M12 v 13 To93 Rap ss Ro Ry. 
(16.54) 


(To) To, etc refer to the distance between electrons and nuclei, 71, é/c to the 


distance between electrons and R,, etc to the distance between nuclei). 
From equation 16.54 we obtain : 


Vi> Ve V8" } ] ] ] | 
{abc #abcde = [vevov. (- > ‘hed viet “ae has Seat 
en ee a ee ee ee 
To, TC, Te Tc, Ty T19 T 29 
+o t¢tt+e d 
Ry R. | Rn ) Pal oP.2T ». + (16.55) 
The functions y,, y and y, satisfy equations of the type 
mus vi" _ l 
( 2 Fe, ) ya(1) == Ey yo (1) sage Qia) 


where £, is the energy of an atom of hydrogen. From equations 16.55 
and 3.4 it follows that 


[abet abeds = { o(1)Ena(1) dr, f be?(2)drg { $.2(3)drg 
+ f¥%(1)dry f Yo(2)Enpol2)dry [y.2(B)¢rg 
+ fy.2(1)dry [yo(2)dre [p.(3)E.p(8)dr, 


| l ] 1 l ] 
1 ] 1 ] 1 ] 
Ate Wg ge Se Z| batdr = 3E,+C 


. . (16.56) 
Using the normalized functions J, %, and y,, we shall now divide the 
last integral (C’) of equation 16.56 into its components : 


[abcaabedr = 3E, i Peed — pee dr, — 


b (3) 0 p, fan re | | 1 
2 2 2 ¥ 2(3 


+ fee 0) (3) dade. » +e. (16.57) 


The integral (ez dr gives oe Coulombic energy of the interaction of the 
b 
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electron, described by the function %,, with the nucleus 8, similarly the 


integral je de gives the interaction energy of the electron described by 


the function J, with the nucleus @. The term jeer. (1) poX(2 2) de 47, represents 


the mutual interaction energy of the electrons described by the functions 
ww, and yg. Adding to these three terms the energy of repulsion of the 


nuclei = we obtain the total Coulombic interaction energy of atoms 
ab 
aand $6. This quantity we shall call C,, : 


Cy — fe dr — [aver + fae “bendy 197» + .... (16.58) 


ab 


In just the same way we may also Shiai 


¢ ¢ ] 
ee — [% ee rg fe drydry $e . .(16.59) 
and 
a pt a 
— [Par — [Ear + [oe radry + _... (16.60) 
Thus C= Cy Sees ..+ (16.61) 
and we may write equation (16.56) in the form : 
fabcXabedr = 3E, + Cos + Coc + Cre .... (16.62) 
or more briefly 
| abcHabedr = 3E, + C -... (16.63) 


If we consider any other Coulomb integral of equation 16.53, then it 
may be shown that it equals [abe Xabedr. For example 


2 2 2 l l l 
[bca2€ beads = | dopele ( —" an ve a a 


] ] 
typo ty tp tag, tay, tay) palebede 
_ 3E,— fra, -[ en, _j#@ (2) | dr, —[ 224 


ee ee ee 


—= Tb, 5 Rye 


se raaee (2) by iar afd bo" ( 1) }.° *(3) 4, 1175 
13 


oy ron bo°(3 Pee .... (16.64) 
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ic. it also equals 3£, + Cis +C,, +C;,. This is due to the fact that 
the operator # is symmetrical with respect to all three electrons and on 
any rearrangement of the electrons, the form of the operator is not changed. 
In the same way the remaining members of the first group of terms in 
equation 16.53 are equal to | abc abedr. There are in all six such 
members, but owing to the presence of the factor 1/6 in front of the bracket» 
the first group of terms in equation 16.53 is equal to 3F, + C. 


The exchange integral | abcX bacdr is given by 


[abcd bacdr = | beboy' (— 4 — Ye" — Va" — Sg es ee = 


] l l ] 
x eater Ry Rt R, ) popeedr .. +. (16.65) 


in which the terms involving 


_~ Ve _ ve _ vs — Fo Ld dF Ld 
2°? G2 oe fie. Tos vg ry? 
re flee ee ae ee a 
Tey Ves Tey Ra, Ry. T23 T13 


approximation will be zero. Thus there remains only the expression 


[vals (— P--s t tg) dabedeadr, (16.66) 


1 Fb, M12 


which represents the exchange integral of the electrons of the two atoms 
aand 5. We shall represent this term by A,y. Thus 


fabcxbacdr = Acs .... (16.67) 


In the same way all the remaining integrals of this group corresponding to 
the rearrangement Ps, reduce to the expression 16.66. The sum of the 
integrals of the second group is thus 6A. Similarly, the integral, 
[abc Xacbdr represents the exchange integral of the electrons of atoms 


6b and c; this we shall term A;,, and all the remaining integrals of the third 
group of integrals in the expression 16.53 corresponding to the P;, re- 
arrangement, will equal this quantity. In the same way each of the 
integrals in the fourth group will be equal to A,,. In the fifth and sixth 


groups we have integrals of the type | abcH bcadr and fabexXcabdr 
corresponding to the simultaneous rearrangement of all three electrons. 
However, since the term S? will appear in each case, they may be neglected. 


To show that this is correct let us take the integral [ abc # bcadr. 
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i Ty ty Tq Fea Teg Raw | Reg Rut 
] ] ] 
+7 +5 +7) dobebedr 
= [yo(1)Eayo(1)dr, { Yo(2)pe(2)dre [Pe()o(B)arg -f vvsseeee 
fee try f Ysl@We(2)dre f Ye(B)¥e(B)drg fever 
-... (16.68) 


Thus all members of the fifth and sixth groups in equation 16.53 are zero 
and this equation reduces to 
Hy, = 3E, + C — Ay — Ase — Ace ....(16.69) 
Calculation of the value of the integral #,, shows, in agreement with 
the statement made earlier, that three atoms with the electron state 
Xs = + 3/2, t.e. with parallel spins, are repelled. The energy of interaction 
in this case is given by 
Hy as 3E, = Car 0 Co. ae Cac — Ay — Abe — Age 
.... (16.70) 
The exchange integrals with a negative sign indicate repulsion and although 
the Coulomb intcgrals are positive, the Coulomb energy is not great, only 
comprising about 10 per cent of the exchange energy. 
Let us pass now to a calculation of the integrals of the cubic equation : 


Ho,—E Hos Hog 
H 05 Hy,—E H a4 = 0 »+ (16.71) 
H v4 H 4 Hy, —E 


We shall consider first the integral 9, : 
Hoy = [B_ H Byte = ay] B(—1)"Pacbach # E(— 1)?! P’aabacBdr 
3 ! P Pp’ 
.. (16.72) 


In this case we cannot discard the spin functions immediately since the 
arrangement of the electrons according to the spin functions does not 
remain unchanged, and during the electronic rearrangements there arises 
the following combinations of spin : 


Peg aap 
Po aaB 
Pas Baa 
Pre afa 
Pte apa 
Pas Baa 


The expression corresponding to Pg possesses the function aabacB on the 
left of the operator and the spin terms have the form aaf. This indicates 
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that the first and second electrons have positive spin projections and the 
third electron a negative spin projection. Only those terms in which the 
function on the right of the operator is identical with that on the left will 
not be equal to zero. This occurs only in the case of the rearrangements 
Przand P,,. These are given by: 


{ aabacBHaabacBdr = [ abcd abedr [ a*(1)dw, [o?(2)dw, [ £2(3)deg 


= | abcd abcdr = 3E, + C .... (16.73) 
{ aabacBXbaaccBdr = { abc bacdr a2(1)dw, | a2(2)dw» f £2(3)dw, 
= { abc HX bacdr = Ags » ++ (16.74) 


All the remaining members of the expression will contain the expression 


fade and will be equal to zero. Thus, for example, on making the 


rearrangement P,, in the function to the right of the operator in equation 
16.72 we obtain, 


[ aabacB%cBbaaadr 


= i) abc H cbadr f a(1) B(1)dw, | a2(2)dw, | B(3)a(3)dw, = 0 
Saisie (10275) 
In the first summation term of equation 16.72, let us make the rearrange- 
ment P,,; the function before the operator will now be daaac8. Again, 
on rearrangement of the term after the operator we obtain only two 
expressions which are not equal to zero, one corresponding to the re- 
arrangement P,, and the other to Pz. These are: 


[oacacBHbaaacBdr = [bacHbacdr = 3E,+C ....(16.76) 


[daaacpH#aabac fdr = [eacd#abeds = Ax ....(16.77) 


These two expressions again refer to the Coulomb integral 3F, + C and 
the exchange integral A,,. On making the rearrangement P,, in the first 
term of equation 16.72 and in the second term also, we obtain 


| <BbaaadXcPbaaadr = 3E, +C .... (16.78) 
and the rearrangement P,,, : 
[cpbaaadXcBaabadr == Ay, +++ (16.79) 


It may also be shown by the use of the above methods that the remaining 
rearrangements of the first term lead to the same integrals 3E, + C and 
Ap, 1.€. 


H oo = ; [ 6 [ abcxabedr — 6 { abcdbacdr | = 3F,+C— Aa 
.. .. (16.80) 
Thus the integral #,, consists of the Coulomb integral [abe abedr and 


one exchange integral [abcae bacdr. 
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The remaining integrals entering into the cubic equation may similarly 
be shown to be : 


H 35 = [abe Habeds — [abcd¢cbadr = 3F, + C — A, 


Le | abcHabedr — abcHacbdr = 3E, + C — Ay 


: or = [abe dacbd ay . 2. (16.81) 
Ho = 2 abc bacdr = — An 
, ae | abc cbadr = — Ag. 


Introducing into equation 16.71 the values of the integrals given by 
16.80 and 16.81 we obtain 


bE tO = Ak Ap Ay 
— Ag, 3F,+C— A, —E — Ay =0 
— Aw — Ag 3E,+C—A,—E 


For the solution of this equation, we shall proceed as follows. Instead 
of the functions ®,, ©, and ®,, let us introduce their linear combinations : 


a ee ) 
ou = 2 (S, — ®,) | 
dim = jt (®, — @,) ' _.. (16.83) 


ove BO +e +0) | 


The mathemetical basis of introducing these new functions lies in the fact 
that the cubic equation formed with these functions in a similar manner 
to equation 16.71 i.e. 


yn —ESy Hey im —ESy in Hr wy — ESy Ww 
yw —ESy wm Hoy wo — LSyy 11 Hin iv —ESyy1 19 = 0 


Mw —ESy 1 Hniv-ESmiwv Hiv —ESiwiv 
.... (16.84) 


may be easily reduced to a linear and a quadratic equation. We shall 
now evaluate the integrals entering into equation 16.84. These are : 


Hu = 4 (Gy — P,) H (Gy — O)dr =} Hyg t+} Hay — Hoy 


= 38, 4+C— “84 + Aa .... (16.85) 
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Similarly 
nm = 3£, + C — fet — Ase As, 
Hy w = 3E, + C — Aas — Aae — Are 
Kinin = — a oto 4 Ay, — Seb Ae 
Huiv = 0 Hin11v = 0 
Sur = 4 [ (Gs — By)2dr = } (Sgg + Sq — 2Sqy) = 1 ... (16.86) 


Snim=1 Svivw=1 Suu =9 Shiv =9 Striy =90 
And hence in place of equation 16.84, we obtain 


Aynw—-L£ Hr in 0 
Wy i Ay m—£ 0 = 0 .... (16.87) 
0 0 Hw iw—F 
or 
Hy n—-E Hy ‘ 
Hoy wnt in w—£ 
Hy w-E =0 


Substituting into these equations the values for the integrals from equation 
16.86 we obtain : 


3E, + C — A, — Ay, — Ay. — E = 9 .... (16.88) 
3£,+C— iss — + Ay—E = ma oH 
= 0 
BC 4, da Ab 35 4-0—4et Aes Ay 
2 2 2 | 
. . (16.89) 


Thus the problem has been reduced to that of solving a quadratic equation. 
Apart from this, however, the introduction of the new functions also has 
another advantage since it permits a more comprehensive presentation of 
the physical meaning of the results. Let us consider the spin terms of 
the new functions. The function ©, arose from the antisymmetric nature 
of the function aabfea in which the spin terms are aBa and 9, from the 
antisymmetric nature of afbaca in which the spin function is faa. 
Consequently : 


l 
Oy = Fe (Py — %) = Ee sae 1)*P{ aab fea — aBbaca} 
... (16.90) 


i.e. the function ®,; contains the term abc(aBa — Baa) in which the spin 
term, 


aBa — Baa = (a(1) (2) — B(1)a(2))a(3) .... (16.91) 
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contains the factor 


( a(1)8(2) — B(1)a(2) ) .... (16.92) 
This expression is identical with that given by the spin function for the 
case of a bond between two atoms (see equation 3.112). Whenever the 
spin electronic state of two electrons is described by the function (aB— Ba), 
it is possible to state that a bond is formed by those electrons. In the 
present case the electrons 1 and 2, belonging originally to atoms a and b 
produce the bond. The function thus describes the state of the system 
when the atom ¢ is at infinity and does not participate in bond formation. 
For this state S = 4 and Xs = + 3. 
The energy of the system a—®dc is given by 
Aae _ Are .... (16.93) 


Hy y = 3£,4+ C+ Ay — 5 5 


If the atom ¢ is located a long way from the molecule a—d, then the 
energy 1s, 


E = 3E, + Cos + A,s 
| Cy. = 0 > Ca: = 0 ) Ag, = 0 ) As, = 0| .... (16.94) 
When, however, the atom C is close to a—d, the interaction of the three 
electrons and of the three nuclei enter into the Coulomb energy and 
C= Cas = Co. + Cue 
in which each term will include the attraction of the electrons by the nuclei 
and the mutual repulsion of the electrons and nuclei. The attraction 
energy, however, outweighs the repulsion energies and hence the intro- 
duction of the additional terms lowers the potential energy of the molecule. 
In addition to the exchange energy of the bond, a—é which is equal to 
ge 
2 


A,s, the additional terms — and — = are introduced, which represent 


the exchange of two pairs of non-bonding electrons. The exchange in- 
tegrals enter into equation 16.93 with the coefficient 1/2 and a negative 
sign, so that the electron exchange lIcads to an increase of the energy and 
the non-bonding electrons repel each other (the equation 16.93 should be 
compared with 4.4). 

Owing to the electron exchange phenomena, the structure [J (page 408), 
in which 6 and ¢ are bonded and a is a free atom, is possible, and is 
described by the function ®,, in-which spin term 1s 


a(1) (a(2) (3) — B(2)a(3)} . + (16.95) 
and the energy is given by 
B= 96, 4:6 4:Ay SA, = Age .... (16.96) 


In this case also S = 4 and Xs = +}. It would appear possible that we 
could write still a third function, 


= FeO, — . + -(16.97) 


describing the state where there is a bond a—c and a free atom b. This 
function, however, is not independent of the other two, as is shown by the 
following expression : 


] 1 
@ = Ja (P2 — Pa) TaD (®, — ©, + 4, — 4) = Oy + Pg 
» + (16.98) 
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Let us consider the spin term of the last function ®y,y : 


1 1 
Oy = 31 (SD, + O, + D,) =V/31 2(— 1)PPabc(aaB + afa + Baa) 


....(16.99) 
In this case S = 3/2 and Xs = 1/2. The solution of the secular equation of 
the eighth degree has thus been divided into two stages. First, we obtained 
the functions corresponding to each value of the sum of the spin projections 
and by so doing, the equation was reduced to two equations of the first order 
and one cubic equation. This cubic equation was due to the presence of 
three functions corresponding to 4s = +4 and — 34. These values corre- 
spond in one case to S = + 3/2 and in the other two to S = 3. Secondly, 
having obtained the functions corresponding to the various values of S, 
the cubic equation was reduced to the quadratic equation of 16.89, and the 
equation of the first order 16.88. The equation of the first order gives 


E = 3E, + C — Ags — Ase — Aac ....(16.100) 
and its solution, is identical with #,,. This is understandable since 
the functions ®, and @,, are related to one and the same value of the 
resultant spin. 

The energy of the lowest energy state may be obtained on solution of 
the quadratic equation, which has two roots : 


E = 3E, + Cou, + Coe + Coe + 
+ (4745 “le An, a A*,, —~ AgsAa —< AAs, a AgcAbe)* 
....(16.101) 
The positive sign before the square root term gives the lowest energy state. 
The energy of the system of three atoms is therefore : 


E= 3 E, + Cop +C,, +C;, + 
+ (A745 + A* + A’,, 7 Aap Agc— Aad, a A gcAp.)* 
... (16.102) 

where £ = total energy of the system 

E, = energy of one atom 

C.5 = Coulomb energy of interaction of atoms a and 8 

C., = Coulomb energy of interaction of atoms a and c 

C;, = Coulomb energy of interaction of atoms 6 and ¢ 

As = exchange energy of atoms a and 6 

A,, = exchange energy of atoms a and ¢ 

A,, = exchange energy of atoms 6 and c 
This expression was first derived by Lonpon!. 


ENERGY OF ACTIVATION 


Using equation 16.102 it is possible to obtain an approximate value of the 
energy of activation of the reaction between the three atoms. London 
considered the special case where the configuration of the three atoms was 
linear, when the energy of activation is a minimum. 

Initially atom ¢ is a considerable distance from atoms a and 6 and there 
is no interaction, if weak van der Waal’s forces are ignored, between a 
and 4 on the one hand and c on the other. Hence we may state 


Cic = 9, <A,.=0 for large values of R,, 
Cy, = 0, As, =O for large values of R,, 
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These terms can in fact be neglected when R,, or R,, exceeds 3 or 4 A. 
In these circumstances the expression 16.102 becomes 

E = 3E, + Cos + 405 .... (16.103) 
This equation is identical with that deduced by Heitler and London for the 
hydrogen molecule with the addition of the energy of the third atom E£,, S? 
being neglected. On the approach of ¢ to ad, the distances R,, and Rg, 
decrease and it is no longer possible to neglect the interaction of the 
electron of atom ¢ with the electrons of atoms a and b. Thus the integrals 
A;, and A,, can no longer be considered as equal to zero although they 
will still have values less than A,,. If the atom ¢ approaches the molecule 
ab so that it 1s nearer to atom 3, i.e. in the linear arrangement a—b , 
interaction with 6 occurs before the interaction with a becomes significant. 
Thus &;, is greater than R,s, although of the same order of magnitude, 
and R,, is considerably greater than R,». Under these circumstances C,, 
and A,, may be considered equal to zero, but since the terms C,, and A,, 
cannot now be neglected, equation 16.103 becomes 


E = 3E, + Cay + Ce. + (Aas? + Ase? — AAs)? .... (16.104) 


The additional Coulomb energy C;, causes attraction between the atoms 
6 and ¢ and therefore lowers the energy of the system ; this effect, however, 
is not great and the energy of the system is determined mainly by the 
exchange energies. Since R,, >, then A,,< A,, and consequently 
A,.? < A,A,, and the expression in the bracket in equation 16.104 is less 
than A,,”._ Hence the energy of the system is greater than when c is located 
at infinity and c is therefore repelled by a—b. 

In order to simplify the mathematical treatment, London assumes that 
the distance between a and 4 in the molecule a—d remains unchanged 
on the approach of the atom ¢, and only the interaction with c is taken 
into consideration. Thus the value of A,s remains constant and the 
variation of the energy depends only on 4A,,, i.e. on the distance between 
bandc. The value of A,, increases with decrease of the distance between 
6 and ¢ until this distance is identical with the a—é distance. The energy 
of the system is then a maximum, which can be determined by taking the 
differential coefficient of E with respect to A,, and equating to zero, viz 


oe 245- — Aap 
(54) 2(A2,, + A%, — Aa4y)? .. (16.105) 


On solution of equation 16.105 we find that the energy has a maximum 
value when A,, = A,)/2. Substituting this expression in equation 16.104, 
we find that at the transitional state the energy 1s given by 


PSE 26 4 — = 3E, +C +0864 ....(16.106) 


The energy is thus greater than in the initial state, by 0-14 Ay and this 
quantity is an approximate evaluation of the energy of activation. In the 
final state there is a molecule b—c and a free atom a. The energy of 
such a system is given by 


E = 3E, + Cs. + As, .... (16.107) 


The variation of the energy as the atom ¢ approaches the molecule a—, 
in which the distance R,» remains constant, 1s shown in Figure 76. Each 
contour line corresponds to a definite energy value. The variation of the 
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fe 


Figure 76. Variation of energy of interaction as an atom approaches 
a rigid molecule along line of centres 


eneigy with the distance between 6 and ¢ is calculated in the following 
manner. From experimental data the curve is constructed giving the 
energy of the molecule as a function of the distance between the atoms, 
1.e. the potential energy curve obtained from spectroscopic data. It is 
assumed that the Coulomb energy always comprises a definite and constant 
proportion of the total energy, in the given example, 20 per cent, and by 
calculating this quantity from the total energy it is possible to obtain the 
exchange energy at various distances. From the diagram (Figure 76) it 
follows that the approach along the line of centres is most favourable. In 
order that ¢ may approach ab, energy of translation is necessary to over- 
come the repulsion. The transition state corresponds to an energy value 
7:5 kcals above the initial value and further approach is accompanied by 
a decrease of energy owing to the formation of the molecule dc. 

The above treatment is approximate since the presence of the third 
electron will cause an increase of the distance R,, and the assumption that 
this remains constant produces an incorrect result. For the case when 


Aas = Ase .... (16.108) 


which corresponds to the configuration when both the distances R,, and 
R;, are equal, substitution of equation 16.108 in equation 16.104 gives 


E = 3E, + C + (A%s + A%, — AasAs.)' = 3E, + C + Aas 
....(16.109) 
t.e. the energy of the system 


A-+ ++ Bev ee€ when Ra = Re 
is identical with the energy of the system 
a—b ¢ 
at the commencement of the reaction. ‘This is clearly incorrect. 
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If the exchange energy A,, is taken into consideration, i.e. the interaction 
of the atoms a and ¢, equation 16.102 becomes, when A,, = Ay : 


E=3E,+C + Ag — Ag, »...(16.110) 


This result shows that the state 
Arveeheeeee 


is less favourable from an energy point of view than a—b c. Nevertheless 
in the linear configuration 
ab ¢ 


a is located farther from ¢ than } and consequently 
A,, < A;, 


The reason for the error in the above calculation is due to the fact that 
the increase in the a—b distance as ¢ approaches, has been ignored. 
Thus although the expression 16.102 is correct for a....b...¢ the value 
of A, to be inserted in this expression, is different from that for the 
molecule a—d. 

EyrinG and PoLanyi have used the data from the above calculations 
to construct a potential energy surface giving the energy of the system of 
the three atoms a, 6 and ¢ at various values of R,, and &,,. The exchange 
energies were obtained from the experimental potential energy curve of 
the hydrogen molecule and they took into consideration the fact that both 
distances R,, and R,, change during the reaction. From the values of 
A,s, A;, and A,, for various values of R, and R;,, they obtained by means 
of formula 16.102 the energies of the various configurations of the system. 
From these data it was possible to construct a contour map (Figure 77) 
in which the values of R,, and R,, are given along the axes and the contour 
lines connect points of equal energy. The point A represents the initial 
state of the system when atoms a and } form the molecule a—d and the 
atom ¢ is at infinity; the energy of 
the system will be 3F, + Cas + Aas. 
The point B corresponds to the final 
state of the reaction, t.e. to a mole- 
cule b—c and a separate atom a; 
the energy of this system being 
3, ae OF +Asg,. 

The path AL lies in a valley be- 
tween two regions of higher energy. 
The shift of the system from the 
equilibrium position at A is repelled 
by either the repulsion between a 
and dor by the attraction between 
a and 6} according to the direction 
of the shift, 7.e. as shown in Figure 77 
the cross-section through the dia- 
gram at Agives the potential energy 
curve of the molecule a—d. The 
height from the bottom of the valley 
to the plateau on the right of the 
diagram requires an energy equal 


Figure 77. Potential energy surface for the tO 103°2 kcals, t.e. the dissociation 
reaction H + H, = H, + H energy of the hydrogen molecule. 
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Although we refer here to the ‘ bottom of the valley ’ this actually means 
the lowest possible vibrational state of the molecule and will be a distance 
above the minimum, equal to the zero-point energy. 

The passage of the system from A to L corresponds to the approach of 
the atom ¢ to the molecule ad and since ¢ is repelled by ab this change 
involves an increase in energy. As indicated by the diagram, the passage 
of the system from A to L involves not only a decrease of R,, but also an 
increase of R,,. The most favourable path for the reaction 1s that shown 
by the dotted line, the height of the energy barrier which has to be sur- 
mounted is 13 kcals above the original state at A. The value of 13 kcals 
for the energy of activation is obtained on the assumpt.on that the Coulomb 
energy is 14 per cent and the exchange energy 86 per cent of the total 
energy. Eyrinc and Poranyi! found that at the summit of the energy 
barrier for the reaction H, + H there existed a shallow minimum whose 
depth was 1-5 kcals below the barrier. This indicates the existence of the 
intermediate complex H, as a separate entity. This has not been confirmed 
by experiment. A similar depression is observed in the potential surface 
for the reaction? Cl, + Cl. 

The method of calculating the energy of activation described above is 
obviously approximate and it has been pointed out* that the assumptions 
concerning non-orthogonality in the London equation may lead to con- 
siderable errors. Nevertheless in spite of the approximate nature of the 
calculations, this treatment is of considerable importance, adding materially 
to our knowledge of the mechanism of chemical reactions and explaining 
the origin of the energy of activation. 
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THE POLYELECTRON PROBLEM AND 
RESONANCE ENERGY 


THE FOUR ELECTRON PROBLEM 


SLATER’S METHOD which has been described in Chapter 16 for the 
problem of three electrons may be applied to systems with any number of 
electrons. Each electron may exist in the field of any of the nuclei, and 
resonance among the different states, representing different electronic 
distributions,. will occur. Wath four atoms having four valency electrons, 
4! = 24 different arrangements of the electrons between the nuclei are 
possible, with 2 = 16 different spin states. In all there will therefore be 
24 X 16 = 384 different complete wave functions. But as we have already 
seen, states with different values of the spin quantum number do not interact 
with one another. This permits a considerable reduction in the number of 
states to be considered. We are only concerned with stable configurations 
in which all the electrons in pairs neutralize their spin by the formation 
of a covalent bond, z.e. S=0 and Xs=0. 

With four electrons, we have three possible ways of pairing the electrons, 
i.e. 1 with 2 and 3 with 4; 1 with 3 and 2 with 4; 1 with 4 and 2 with 3. 
If as before we attach electron I to atom a, electron 2 to atom J, electron 3 
to atom ¢ and electron 4 to atom d, the three methods of neutralizing the 
electron spins denote the formation of bonds between the atoms, as shown 
below : ae 


a b 
I ab and cd 

C d 

a b 
II ac and bd | 

c d 

a b 
Ill ad and bc BG 

va 

c d 


It would appear that for a description of the four electron system it 
would be necessary to consider the superposition of the three given structures 
with different localizations of the valency bonds. However, it is still possible 
to make a further simplification. In the problem of three electrons, three 
structures also were possible : with the bond between a and 6 and with a 
free atom c (spin function aBa—faa) ; with a bond between atoms 6 and ¢ 
and a free atom a (spin function aaB—afa) ; with the bond between atoms 
a and ¢ and a free atom 3 (spin function aaB—faa). But we pointed out 
that these three functions were not independent, the third being a linear 
combination of the other two. Let us write down the appropriate functions 
for the four electron problems describing the states J, // and I/J. The space 
coordinate part of any wave function of four electrons will have the form 


v, =2 (— 1)*Pabed re ay @) 
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i.e. it will be a linear combination of the function adcd and of all functions 
which are obtained from that function by a rearrangement of the electrons. 

In the structure J, electrons 1 and 2 mutually neutralize their spins, 
therefore the projection of the spin angular momentum of one is -++ 4 (spin 
function a) and of the other — 3} (spin function 8). The spin function of 
the two electrons in the case of the bond will be, as we have seen, 


a(1)B(2) — B(1)a(2) (17.2) 
A similar function will also describe the spin function of the second pair of 
bonded electrons, 3 and 4, 


a(3) B(4) — B(3)a(4) -. ++ (47.3) 
so that the complete spin function of structure J will be 
o = [a(1)B(2) — B(1)a(2)][a(3) B(4) — B(3)2(4)] 
= aBaB — BaaB — aBBa + Bafa ees © wy) 
The complete wave function of the structure / will therefore be 
@, = Xu(— 1)*Pabcd{aBaB — BaaB — aBBa + Bafa} 
- dace 725) 
In the structure J/, the bonds are formed by electrons 1 and 3, and 2 and 4. 
The spin functions of these pairs will be respectively, 


a(1)B(3) — B(1)a(3) »... (17.6) 
a(2) B(4) — B(2)a(4) +++ (17-7) 
The complete spin function of structure JJ will therefore be 
o = [a(1)B(3) — B(1)a(3)][e(2) B(4) — B(2)a(4)] 
= aaBB — BaaB — aBBa + BBaa »... (17.8) 
and the complete wave function is 
®;; = X(— 1)*Pabed{aaBB — BaaB — aBBa + BBaa} 
= < 0:4 (F939) 
For the third structure the bonds are formed by electrons 1 with 4 and 2 
with 3 and the appropriate spin functions are 


a(1)B(4) — B(1)a(4) .... (17.10) 
a(2) B(3) — B(2)a(3) er eee) 
and the complete spin function is 
o = [a(1)B(4) — B(1)a(4)][a(2) B(3) — B(2)2(3)] 
= aafB — Bafa — aBaB + BBaa Siete, UIs 12) 
and the srr wave function is 
ae 1)?Pabcd{aaBB — BaBa — aBaB + ge 
- (17.13) 
It is clearly seen that Oi is a linear combination of sae On since 


Qi, = Dy — O, = 2(— 1)?Pabcd{aaBB — BaaB — aBBa + BBaa} 
— 2(— 1)*Pabcd{aBaB — BaaB — afBa + Bafa} 


= 2u(— 1)*Pabcd{aa BB — aBaB — Bafa 5 ae 
- (17.14) 
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This means that the structure /// is not an independent form but is a super- 
position of the first two structures. 

RuMeEr’s theory (Chapter 5), gives a method of obtaining the number 
of canonical structures for any particular number of electrons. Rumer’s 

n! 
equation is ;~\—77——, ! which, when n = 4 becomes 4!/2!3! = 2, 
— ) afe 
(3) ) (3 : ') 
These two forms are evidently structures J and JJ, 

The function of the system of four electrons when Xs = 0 may be regarded 
as a linear combination of the complete wave functions of structures J and 
LH, viz 

D=c Dy + coPy woe (17.15) 
The secular equation of the second order is obtained in the manner de- 
scribed previously : 
Hi, — E Hn — ES 1 | 
= 0 rere @ Gyr 4 
ES Cig | ent) 


where E is the energy of the system over and above that of the energy of 
the four atoms, and 


ge [or20 ar ) 
Hin = [Pr #Ondr 
Ayn = [Pu Oydr 
Sin = [OrPudr 


suscdee( 1 7al 7) 


EVALUATION OF INTEGRALS OF SECULAR EQUATION 
We shall now consider the evaluation of the integrals #1), #1; and 
Hi. If the deviation from orthogonality ts neglected the integrals may 
be considered as the sum of the Coulomb (C) and exchange (A) integrals for 
different pairs of atoms, ad, ac, bc, bd and cd. The method employed may 
follow that used in the case of three electrons but involves certain difficulties 
and PAuLING suggested a simpler method}. 
The structures / and J/ are represented by the following 
a—b a b 
I | | i 
c—d c d 
For the calculation of #1, ,;,; we arrange the atoms in the same way but 
introduce all the bonds of the structures J and J viz 
a— b 
Hin | | 
c—d 
The corresponding structure for #  ; is obtained if structure J is superposed 
upon itself giving, 
a= 6b 
Hy | 
c=d 
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In a similar manner we have #1, 1; given by, 
a b 
Hun | | 
C d 


According to Pauling each such arrangement consists of ‘ islands’, and each 
isolated part of the structure not united to other parts by a bond represents 
a separate island. In the structure for #1, there is only one island and 


in #,;,and #;,,, there are two in each. If the total number of islands 
is i and the number of electrons n, then the coefficient of the Coulomb 
integral is 1/2 (5—‘) Thus, when n= 4, the coefficient of the Coulomb 
integral in 3%, is, since 1 = 2: 


2G-') = 12" = 
in Hy 1 (t = 2) 
12G-)) = 12°"? = 
and in %1 4 (i = 1) 
2G-) = 12°") =4 


In addition, exchange integrals will enter into #,; #y and #1; these 
will be : 


a and 6 As 

aandc A. 

aand d Aas 

bande Zi 

band d Ang 

cand d Aig 
The coefficient of each of these integrals is 

f(p). 1/2G-4) ... (17.18) 
If the atoms concerned in a given structure belong to different islands, 
then f is equal to zero and f(p) = — 4. This refers, for example, to atoms 


a and cin the structure #,,;. Ifthe atoms are located in the same island, 
p is equal to the number of steps necessary to pass from one atom to another ; 
thus, for example, in the structure #3, 
a—)b 
Hi | | 
c—d 
p is equal to one for atoms a and b or a and ¢, but to two for atoms a and d. 


If p= 1, 3, 5,----, f(p) = +1, and if p= 2, 4, 6,...., f(p) = — 


Let us determine the coefficient for the integrals in #,, : 


a=b 
Hy 
cod 
Here 
2G-') =1 
For atoms a and ), f = 1 and f(p) = +. 1 and the coefficient of A,, is + 1. 
For atoms a and c, p = 0 and f(p) = — } and the coefficient of A,, is — }. 
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The same applies to the pairs of atoms a and d, 6 andc¢ and d and d. Finally 
for atoms ¢ and d, which are located in the same island, = 1 and 
f(p) = + 1 and the coefficient of A.g = + 1. Hence 


Hy y = C+ Ags + Aca — $A ae — $Ane — $Acs — $Asa 


severe tt PQ) 
In the structure yy, vtz 
a b 
I | 
¢ d 
the pairs of atoms ad, ad, bc and cd are on different islands and for these 
pairs p = o and f(p) = — 4. The atoms a and ¢, and 6 and d are in the 


same island and = 1 and f(p) = +1. Thus 
Hy y= C+ Aa, + Asa — $Aas — $Aca — $46, — 4A ca 
signe k 7220) 


For the structure #4), viz 
a— b 


| | 
c—d 
we have 
y2G-9 = 12°" = 12 
and all the atoms are in the same island. In order to transfer from a to 6 
it is necessary to pass either one or three groups (a—c, c—d, d—b) conse- 
quently f(p) = 1 and the coefficient of the integral A,, is 
f(p).1/2-) = 1/2 
This applies also to the pairs of atoms a and ¢, 6 and d, and ¢ and d and the 
corresponding exchange integrals. In order to transfer from a to d, two 
groups have to be passed (a—c and c—d) so that in this case p = 2 and 
{(p) = — 2, and the coefficient of exchange integral Agg Is 
fp). 1eG-) = —2.1/2=—1 
This also applies to the pair of atoms 6 and c. Thus we obtain, 
Hr = 4C + $Acs + 4A ae + Asa + 4Aca — Aas — Ade 


seiceg (V9:21) 
In addition to the integrals 4%; 1, Hy, y, and H#, y the secular equation 17.16 


contains the non-orthogonal integral 
Sin = [OSndr 
The integral S, ; will be reduced to integrals of two types : 


[(aabacBap)%dr and [(aabacBdB) (cBbaaadB)dr 


All integrals of the second type will be equal to zero on account of the 
orthogonality of the spin functions and integrals of the first type, correspond- 
ing to a Coulomb integra! will be equal to unity, since the space coordinate 
and spin functions are nortnalized. In S; , the coefficient will be the same 


as the Coulomb integral in # ; , and thus 


Sti = 43 ieeal 19-22) 
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We are now in a position to set out inits general form the secular equation 
for the four electron problem. This will take the following form : 


Hy, —E Mri —ESt ny 


H u— ES; | Hy u—& 


Aa Aad Are Ava C Ag Aba Acd _E 
Dee. og” > 9 4 gta sh Oe as += 5 —Aga— Ase 9 
C Aa Ave Ase, det gE Acs Aad Abe Aad 
=0 jse'v( 17-23) 


The same result is obtained if the integrals are calculated as in the three 
electron problem, but Pauling’s method 1s shorter. 


CALCULATION OF ENERGIES FOR MOLECULES OF BUTADIENE, 
BENZENE AND FULVENE 
Consider the four 7 electrons of the butadiene molecule. There are two 
possible bond localizations given by the canonical structures : 


a— b a—t 
“NN ! 

c—d b d 

a b a= 

| | JL N\ # 

Cc d | ET d 


In the first formula the double bonds occur between the outer pairs of 
carbon atoms, as in the normal formula of butadiene, whereas in the second 
case the double bond is located between the middle pair of carbon atoms 
and there is an elongated bond between the outer carbon atoms. Here the 
integrals A, A, and A,¢, which are the exchange integrals for the bonds 
ab, ac and ¢d, are approximately equal and will be denoted by a; thus 


Ags = Age = Avg = oo (17.24) 
All the remaining integrals refer to the exchange between non-adjacent 


atoms, located at comparatively large distances from each other. The 
value of these integrals is small and consequently may be neglected 2.e. 


As, = Ag = Asa = 9 Kae CI9L25) 
Combining equations 17.24 and 17.25 with 17.19 we obtain, 
Hy; = C+ 3a/2 - ++. (17.26) 


This would represent the energy of the molecule if only structure J were 
present. In this formula we have taken into consideration the Coulomb 
energy C, the exchange energy of two bonds, 2a, and the repulsion of the 
non-bonding electrons of atoms a and ¢ (— a/2). In addition, however, 
we must consider the alternative structure JJ. Its energy is easily seen 
from equations 17.20, 17.24 and 17.25 to be given by 


Huw =C sare (19229) 


In this structure there is, in fact, only one bond, that between a and ec. 
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The second kond (8--:---d) in which the interatomic distance is 2:8 A con- 
tributes nothing to the energy of the molecule. The exchange energy of 
the bond a—c is compensated by repulsion energy of the non-bonding 
electrons of a and b, and c and d (— 2 X a/2). The energy of structure JJ 
is thus Jess than J, but the superposition of the two structures leads to an 
additional stabilization of the system. 

From equations 17.21, 17.24 and 17.25 we obtain 


Hy yy = C/2 + 3a/2 wane 17:28) 
and the secular equation for the z electrons of butadiene now becomes 
a e = 0 »..2(17.29) 
gge ge. “Ome 
Hence we obtain 
E=C+0vV/3=C+1-73a .. ++ (17.30) 
te. there are two solutions for E: 
E,=C+1-73a Jieu(2730) 
E, = C — 1-734 wee (17°32) 


This result means that as a consequence of the resonance, two states of 
the system arise, which are distinguished by the different coefficients c, and ¢, 
in equation 17.15, thus indicating a different contribution to the resonance 
from the structures J and JJ. The energy of the lower state is given by 
equation 17.31, viz 

EF, =C+1-78a 
If we compare this with the energy of the isolated structure J, as given by 
equation 17.26: 
E=C+1-5a 


we see that the stabilization energy due to resonance is equal to 0-23a. 
This is the value of the resonance energy of butadiene. By such methods it is 
possible to obtain the secular equation for any even number of electrons. 

In benzene there are six w electrons and the number of independent 
canonical structures is five. If we denote the carbon atoms by the letters 
a, b, c, d, e and f, these structures will be represented as follows : 


a 
N\ f™s a (Z 
7. ; VY NN an Cc 
I Il 
a a i 
N sf [6 JN fF /b JN ff. ™ 
() ad cS, J. YY is 
v4 a \ 
Il WV V 
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The secular equation for the five resonance structures will be 


Hy,—E Hy y— ESy H m— ES; NI Hi w—ESi ry Hiy—ES,y 

H n— ES; II Hn n—£E Hy m— £Sy II Hy w—ESy IV Hy v— Sy Vv 

Hy m— ES, Il Hy m— £5), HI Hn m—£ Hirt w— ES, IV Hin v—ESyy Vv a 
Hy iv—ES, Iv Hy, w—£Sj; IV Hy Ww ESiy IV Hiy w—£ Hry v—ESiy Vv 

Hy v—ESiy Hiy—ESiy Hr v—ESiyv Hy v—ESy v Hy v—-£ 


iee2(19.33) 


We shall now calculate using Pauling’s method, the integrals in equations 
17.33. For this purpose we shall take into account only the exchanges 
between adjacent atoms, 1.¢. 


a—b 
b—c 
c—d 
de 
ef 
a—f 


All the corresponding exchange integrals will be equal to each other 1.e. 
Ag = Ay, = Aca = An = Ay = Ay = 2 2 +++ (17.34) 


The remaining exchange integrals between non-adjacent atoms as stated 
above will be assumed to be equal to zero: 


Au: = 4od = Aa = Arg = A, = Ay = A, = Ay = 4g = 0 
ewa( 27.35) 
The integral 2; will correspond to the structure 


in which there are three islands, so that 1 = 3; n/2 = 3 and 1/2(a~4) = 1, 
Thus the coefficient of the Coulomb integral is 1. Now let us consider the 
coefficients of the exchange integrals of equation 17.34. Each pair of 
atoms, a—b, c—d, e—f, constitute a single island for which f(p) = 1and 


consequently the coefficients f(p).1/ o(3-') for the integrals As, Acq and Ay 
are equal to unity. The pairs of atoms b—c, d—e, a—/fare in different islands 


and hence p= 0, f(p) = — } and the coefficients for the integrals A,., 
Ay, and A, are equal to — }. 
Thus 


Hy =C + Aas + Aca + Ay— hAge — 4Ag _ AA ot 
= C+ 3a — 3a/2 = C + 3a/2. »...(17.36) 
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In the same way in #y y 


t= 3; n/2= 3; 1/a(3 mie 1, and thus for A,, A,, and Aq, p = 1 and the 
coefficient of the integrals is 1. For Ags, A,gand Ay, p = 0 and the coefficient 
is — 4. Hence 
My yp = C+ Ay + Age + Ade — $403 — 4Aca — 4Ay 
= C + 3a/2 » ++ (17.37) 
Thus both Kekulé structures with three normal a bonds have the same 


energy. Now let us consider the energy of the Dewar structures. For 
H ur 1 We have the structure, 


Here 1: = 3; n/2= 3; 1/23 “) = 1. For A, and Ay, p= 1 and the 
integral coefficient is 1. For Ags, Acg, Aa and Ay, P = 0 and the coefficient 
is — 4, so that 


Myr = C + Ase + Ag — $(Aos + Aca + Ace + Aa) 


=C+42a—5a=C (17.38) 
In exactly the same way 
Hwiw= #yy =C - +++ (17-39) 


The energy of the Dewar structures is less than that of the Kekulé 
structures since there is virtually no third + bond on account of the great 


distance. 
For the structure 4; 1 we have the structure 


a 
,° 
b 
| | 
e ¢ 
we 
d 
It consists of a single island, hence 1 = 1 and 1/23 “i) — 1/2(3-)) = 1/4. For 


all pairs of atoms which shall be considered here p = 1; f(p) = 1 and the 
coefficient of the exchange integrals is f(p). 1/4. = 1/4 Hence 


Hy =3(C + 6a) = C/4 + 3a/2 ...- (17.40) 
442 


THE POLYELECTRON PROBLEM AND RESONANCE ENERGY 


The structure for 4% 1; has the form 


The number of islands is 2, i = 2 and 1/2(7~)= 1/2-% = 1/2. For Ay, 
Ay, Ac and Ay, p = 1 and f(p) = 1. The atom groups a—f and d—e are 


located in different islands and for these cases p = 0, f(p) = — 4. Hence it 
follows that 
Hy = 4(C + 4a — 2a/2) = C/2 + 3a/2 oo +e (17.41) 
For the structures 
a a a 
YN \ a 
/ b - b 
Hiv | Hiv | um | | | 
é ¢ € C e C 
Va A % 
d d d 
a a 
a P a ~, 
tine ff | tie 
we C € Ne 
7 \ 
d d 
we find that 
Kiow=KHiyyv = Hy = Ky w = Hy vy = C/2 + 3a/2 
Swiea R7sae) 
In the structure for Hy iv 
a 
ai 
ee ¢ 
wa 
d 


there is only one island a—f—e—b—c—d—a andi = 1. From ait 1s possible 
to transfer to f passing only one space, p = 1, and the same applies to the 
pairs b—c, c—d, e—f. In order to transfer from a to 4, it is necessary to pass 
from ato d,dtocandcto 6. Thus for integrals A, and Ay, p = 3 and 
f(p) = 1. The coefficients of the Coulomb and all transfer integrals will 
be 1/4 and hence 
Hiv = 3(C + 6a) = C/4 + 3a/2 seul hPa) 
Similarly 
Minnv = Hwy = C/4 + 3a/2 ++. (17.44) 


443 


THE STRUCTURE OF MOLECULES 


From the equations 17.36 to 17.44 we obtain the following secular equation 
for benzene 


C+$a—E 1C4+$o—3E 3C+$a—-3E 3C+$a—-3E 3C+$a—4E 


1C+3a—1E C+3a—E 34C+3a—3F 34C0+$a—3E 34C0+30a-4E 


1C+3a—1E 1C0+38a—-1E C-—E 1C+$8a—-1E 1C+3a—1E - 0 
3C+fa—gE 3C+ga—-3F 3C+3a—-fE C—-E 7C+3a—jZE | 
| C-+40—48 3C+3a—}E 1C+3a—-1E 1C+3a—1E ce | 
». + (17.45) 


This equation is of the fifth degree. Let us write in place of the functions 
I-V new ones such that 


A=I4II 

B=11+IV+V 

C=lII—I1 ». +. (17.46 
D=V—III - 
E=IV—V 


Then 
HAA = HA,, tHyy +2H,y = 2C 4+ 3a +310 + 3a =—3C+ 6a 


Hyp =H yt aw Aivt Humt uw t+ envy = 3C 4+ 9a 
Hro = Ayy t+ Hun — #11 — Hin = OV ete 


».. (17.47) 
and the secular equation has the form 
8C+6at+3E 3C+9a—3E 0 0 0 
38C+9a—3E 3C+9a—3E 0 0 0 
0 0 CZ—3E 0 0 = 0 
0 0 0 8C—3a—3E 0 
0 0 0 0 $C—3a—$E 
....(17.48) 


This equation may be reduced to a quadratic and three linear equations : 


5C+6a—$E 3C+9a—3E 


= 0 ....(17.49) 
3C+9a—3E 30 49a—fE | 
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C—E=0 
C—2a—E=0 
C—2a—E=0 
From these equations we find all the solutions of E: 
BE, = C+ a(V/13 — 1) = C+ 2-6a 
Ek,=C 

EE, = £,=C—2a 

E, = C — a(/13 +1) = C — 46a 


.. (17.50) 
.. (17.51) 
.. (17.52) 


. (17-53) 
. (17.54) 
. (17.55) 
.. (17.56) 


As a result of the resonance of the valence bond structures five states arise, 
the energy of the lowest state, z.e. the most stable being C + 2-6a. The 
energy of one Kekulé structure is C + 1-5a (see equation 17.36). The 


resonance energy of benzene is thus I-Ia. 


As a second example of the six electron problem we shall consider fulvene, 
which is of particular interest as it is the simplest coloured hydrocarbon. 


Its chemical structure is 


CH, 
I 


As in benzene there will be five canonical structures 
a a a 


\, ae b f | 6 f js 


é ¢ € ¢ € ¢ e ie ¢ 
/ \ / 
d d d d 
I II Ill IV 
Indicating the carbon atoms of fulvene in the following manner 
dCH, 
a 
f b 
e C 


it follows that the canonical structures correspond to the following valence 


bond structures 


CH, CH, CH, CH, CH, 
I II iil IV V 
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Although the same formula for the calculation of the integrals has been 
preserved, there is an essential difference introduced by the different 
arrangement of atoms in space, in that the integrals between adjacent 
atoms Aga, Aas, Aaf, Asc) Ace and A, will not be equal to zero whereas the 
integrals Aj., Ag, etc will be equal to zero. 

In the structure for #,, 


= 1 for the pairs a—b and e—f, and hence the coefficient of the integrals 
A,, and A, is unity. For the remaining pairs (a—d, a—f, b—c and c—e), 
fp = 0 and the coefficient of the integrals Aja, Ag, As. and A, is —}4. Thus 
Hy ; i C + Ags ae Ay — 4Aca =o tAg — $A), — 4A 
oe (17.57) 
The remaining integrals and the solution of the secular equation is obtained 
as in the case of benzene and we obtain for the energy of fulvene : 


E,=C+2a 


E, = C+ 0-24a 
3 = C—a ».6- (17.58) 
E, = C — 3a 
E, = C — 4:24a 
The energy of structure JJ] with localized 7 bonds is 
E=C+15a w+ (17.59) 


so that the resonance energy of fulvene is o-5a. 

In the same way it is possible to calculate the resonance energies of other 
molecules, but as the number of electrons is increased, the solution of the 
equations in spite of the various simplifications which have been introduced, 
is difficult. For eight electrons a secular equation of the fourteen stages is 
obtained, for ten electrons one of forty two stages, corresponding to the 
possible number of canonical structures. It is true that these equations, as 
in the case of benzene, can be divided into several more simple equations. 
But such methods, which are to some extent limited in application, require 
additional special methods which are generally not particularly effective. 
Thus in the case of naphthalene, with ten z electrons, it is necessary to 
solve an equation of sixteen stages. However, certain assumptions may be 
made which simplify the calculation; in order to illustrate the nature of 
these assumptions we shall apply them to the case of benzene. In this case 
we have two Kekulé structures with equal energies, E = C + $a and 
three Dewar structures EF = C. Owing to the equality of the energy values, 
both Kekulé structures enter the equation : 


p= CP, + CoP + C5Pyy1 + C,Priy + c,Py =e . (17.60) 


with equal coefficients 
¢, = =a oo. . (17.61) 
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and applying the same argument to the case of the Dewar structures, we 
have 
fg =O =e, =) .... (17.62) 
Substituting equations 17.61 and 17.62 in 17.60 we obtain 
P = a(O, + Oy) + b(Oyy + Py +- Py) = a®, + b®, 
.... (17.63) 


Thus the resonance of only two states corresponding to ®, and %,; has to 
be considered. We then have the secular equation 


H aa —E H as => ESas 


| =0 ....(17.64) 
| Has —ESy Hy —E | 
The integrals of equation 17.64 are easily obtained from the canonical 
structures and the final secular equation will be 
§C +6a—$E 3C + 9a — 3E 


=0 ~~ ....(17.49) 
'3C+9a—3E 20+ 9a — 8E 


with the roots = 
E=C+a(—1# vV13) .... (17.65) 
1.¢. not all energy levels are obtained but only the lowest and one of the 
higher levels. 
An alternative method of simplification of the secular equation consists 
in rejecting the less probable structures. If in benzene, for example, only 
the Kekulé structures are considered, 


H=¢,%, + 6,9, .... (17.66) 
then from equations 17.36, 17.37 and 17.40 we obtain the following secular 
equation : 

C+tf$a-—E 10+ 8a-—jF 


=O. ....(17.67) 
3C4+ga—-1E C+ ga—E 
with the solutions 
BE, = C+ 2-4a ....(17.68) 
and 
Ek,=C ....(17.69) 


By this approximate method the resonance energy becomes 

Ewa. = (C + 2:4a) — (C+ 1-50) = 09a ....(17.70) 
Thus it follows that the resonance energy is determined mainly by the 
superposition of the Kekulé structures. The Dewar structures giving the 
comparatively insignificant additional stabilization of o-2a. 


CALCULATION OF RESONANCE ENERGY BY THE 
MOLECULAR ORBITAL METHOD 
When two electrons form a bond between two atoms, each electron is located 
in a bonding molecular orbital : 
y= cu, + by, ... (17-71) 
where ¥, and ¥, are atomic orbitals of the electrons of the two atoms. 
The energy of the electron in such an orbital will be 
E=C+8 wo. (17.72) 
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where C' is the Coulomb energy of interaction of the electron with both 
nuclei and the second electron, and § is the exchange integral. The exchange 
energy being caused by the exchange of the electron between the two atomic 
orbitals %, and %,. The exchange integral is 


B= [ty ¥ paar ++ (17-73) 
which must not be confused with the exchange integral of two electrons 
a = [po(1)po(2) 2 ys(1) Yo(2)dr (17.74) 


In each molecular orbital two electrons may be located and in the present 
treatment it is considered that the motions of the two electrons are inde- 
pendent of each other. The wave function of the bond will therefore be the 
product of the two wave functions of the first and second electrons and the 
energy will be the sum of the two electronic energies, 7.e. 


E=2C +2, .... (17-75) 


The energy of a single 7 bond will thus be given by this expression and 


therefore if the three 7 bonds in benzene are localized, then the energy 
will be 


E= 6C' + 68 .... (17.76) 

Actually, each of the six a electrons is located in the field of six nuclei, 
t.e. in the molecular orbital : 

b = cp, + Copy + Cag + Cay + ess + cee ---- (17-77) 

If the values of the coefficients for which the energy is a maximum is 

obtained, for example, by the variation method, it is then possible to obtain 

the most probable orbitals for the electrons in the field of six nuclei and to 


obtain the energies of these orbitals. Starting from the equation 17.77, we 
obtain the following secular equation : 


Hi,—E H 2 —ES)» H 13—ES), H4—ES), H1,—ES)5 H,—ES 4 
H1.—ES 15 H o.—E H o,—ESo5 H o4—ES 4 H ,—ES 95 H og— ESo6 
H 13—ES), H o3—ESo3 H y,—E H 34—ES34 H 35—ES35 H 3,—ES3¢ 


=0 
H 4 —ESy 4 H yg—ES 34 H yy—ES3q Hyg—E H yg—ES 5 H yg—ES 
H 1 5—ES), Has—ESy5 H 3;—ES35 Hyg—ESy5 H55—E  H 5g—ES5 
H yg—ES 14 H og—ES 26 H 3g—ES 36 H ggq—ES yg H 5¢—ES 5g H gg—E 
seue 19:98) 
Let us now evaluate the integrals. Integrals of the type #;; are given by 
Hig = [vi H pdr -. ++ (17-79) 


As is clearly seen, these integrals denote the energy of Coulomb interaction 
of the electron of atom 1 (in orbital ¥,) with all the remaining nuclei and 
electrons. Let us denote these integrals throughout by C. The integral 
H 52 equals 


Ha = by Haar ....(17.80) 


and represents the exchange of the electron between two adjacent atoms 
1 and 2. We shall call this integral B (see equation 17.73) and since in 
benzene all the nuclei are identical, the remaining integrals between 
adjacent atoms, H.5,, Hq, Hqs, H%5g and #,, are equal to B. The 
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exchange integrals between non-adjacent atoms are small and may be 
neglected. Non-orthogonal integrals of different atoms, e.g. 


Sia = [dabadr 12.17.81) 


may also be taken as equal to zero. With these modifications the secular 
equation 17.78 becomes : 


CE 8 0 0 0 fp 
B C—-E 8B 0 0 0 
0 B C—-E 8B 0 0 
0 0 B C—-E 8 rae ie 
0 0 0 pB CE 8 
B 0 0 0 B C—E 
“ss. (17.82) 


The solution of this equation may be obtained in the usual way and the 
roots are : 


E,=C+ 2p 

£,=C+8 

F,=C+ 8B ...- (17.83) 
E,=C—B 

E,;=C— 

E,=C — 2g 


Consequently there are six orbitals for the electrons, the most favourable 
being the first, with energy C + 28, and in it will be located two electrons. 
The remaining four electrons will occupy the following two orbitals, both 
with energy C + B. It is not difficult to see that the remaining orbitals are 
non-bonding orbitals since the energy in orbitals 4, 5 and 6 1s greater than 
in the atomic orbital E = C. The stability of the system is due to the fact 
that all the electrons may be located in bonding orbitals and the energy of 
the six electrons will be equal to the sum of the energies of the different 
orbitals occupied by the electrons 7.e. 
2(C +26) + 2(C + B) +2(C + f) = 6C + 8B 

With six isolated + bonds the energy would be only 6C + 68 and hence 
the transfer of the six electrons to the field of all the nuclei gives a gain of 
28. This represents the value of the resonance energy, expressed in different 
terms than in the Slater-Pauling method. 


COMPARISON OF CALCULATED AND EXPERIMENTAL VALUES 

OF RESONANCE ENERGY 
The resonance energies of a number of molecules are given in Table CLXXI1. 
In the second column the resonance energy calculated by the Slater-Pauling 
method is given in terms of the exchange integral a; in the third column 
the same quantity, calculated by the molecular orbital method is given, 
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expressed in terms of the exchange integral 8. Comparison of the two 
methods 1s made by obtaining the ratio £/a (column four) which should be 
a constant, and is found to be so for the aromatic hydrocarbons. In the 
fifth column are given the esperimental values of the resonance energy 
calculated according to the methods given in Chapter 11. From these 
values it is possible to obtain values for a and B which are given in columns 
six and seven respectively. As is to be expected both series of values are 
approximately constant. The low value of a for butadiene is due to the 
fact that we have assumed that all the exchange integrals between adjacent 
atoms are equal. This is correct in benzene but in butadiene, the actual 
distances between the atoms in the bonds a—b and c—d are equal to 1:35 A 
and the interatomic distance in a—c is 1:46A. The true value of A,, is 
therefore less than A,,. Thus since in the calculation of the resonance 
energy, we assumed that both forms contributed equally to the resonance, 
the contribution of the structure with the double bond between the central 
atoms was overestimated and that with the double bonds between the outer 
carbon atoms underestimated. 


Table CLXXIII, Calculated and Experimental Values of Resonance Energy 


Resonance energy Experimental | 
calculated by method of value of |, _ Fer. | p Fer. 
Molecule ——-_ —__—_ resonance | Focwiec a 
Slater- Molecular a energy | 
Pauling orbital | | keals | keals | kcals 
Butadwene | 0°23 0-478 0°49 4°1 18 —_ 
Hexatriene 0-48a 0-998 0-48 = — — 
Ostatriene 0°73a 1°528 0-48 | _— —_— —_— 
2-Vinylbutadiene 0°44 0-908 0°49 — — — 
Benzene Ila 2B 1 0°55 34°4 31 17 
Diphenyl 2°37a 4388 | 054 756 32 17 
Naphthalene 2°04a 3-688 0°55 63°4 31 17 
Styral 1-31 | 2°428 | 0°54 38-2 29 16 
Stilbene 2°59a 4°88 0°53 | 79°0 30°5 16 
Anthracene — | 5-328 — 86-2 —_— 16 
Phenanthrene —_ ! 5-428 _— Yy3°0 — 17 


COLCUR OF CHEMICAL COMPOUNDS 


We have seen that owing to the resonance of valence bond structures there 
arises several energy levels of the molecule. The lowest of these is the ground 
state of the molecule and the higher levels represent excited states. If the 
difference in energy between these levels is not great, then the transfer of 
energy E,—E, may be brought about by the absorption of a quantum of 
light radiation Av in the ultraviolet or visible region of the spectrum®. If 
the light quantum absorbed corresponds to a frequency in the visible 
part of the spectrum, the compound will be coloured. The method of 
Slater and Pauling described in this chapter gives the different energy 
states of the molecules. In benzene the difference in energy of the 
ground and the first excited state is 26a, or when only the Kekulé 
structures are considered 2‘4a. The calculated energy differences of the 
ground and excited states of a number of molecules are given in 
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the second column of Table CLXXIYV, 
and since for the higher aromatic 
hydrocarbons, only the Kekulé 
structures have been considered, the 
value of 2:4a is taken for benzene. 
In the third column are given the 
experimental wave lengths of the 
absorbed radiation and by equating 
E, — E, = hv = hea it is possible 
to determine a (fourth column). For 
aromatic hydrocarbons a varies from 
37 to 43 kcals. The deviations in 
the case of butadiene and hexatriene 
are due to the same reason that has 
been discussed above. From reson- 
ance energies, the value obtained 
for a varies from 29 to 31 kcals and 
taking into consideration the very 
approximate natureof the calculation 


Table CLXXIV. Difference of 


Energy Levels and 


Positions of Light Absorption Afaximum 


Difference of | Position of | @ 


Molecule | enerzy levels 


E,-E£, absorption A 


Benzene .. 2°4% 

Naphthalene 1°97 
Anthracene 1-60 
Naphthacene 13a 
Pentacene .. 1-08a 
Phenanthrene 1°Q4a@ 
Pyrene 1°70@ 
Fulvene .. 1°76 
Azulene .. 3°42 
Butadiene .. 2-710 
Hexatriene. . 104m 


* According to measurements 9n w 
t According to measurements o 
C,H, (CH=CH), CH, 


maximum _| keals 


2,550 42 
2,750 37 
3,700 41 
4,000 41 
5,800 43 
2,950 39 
3,300 9 
3,600* 43 
2,! 70 5 I 
2,650T 49 
7,000 50 


, wdimethylfulvene. 
D 
COOH. 


better agreement is hardly to be expected. The fact that the widely differing 
methods of thermochemistry and spectroscopy lead to values of the same 
order of magnitude, may be regarded as support for the quantum mechanical 
treatment. The theory correctly predicts the existence of a close series of 
energy levels which explains the absorption in the long wave ultra violet 
and in the visible part of the spectrum. 

The relationship between resonance and the colour of chemical com- 
pounds has proved to be of great assistance in explaining the observed 
empirical laws of relationship between colour and chemical constitution. 
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18 
MATHEMATICAL APPENDIX 


SCLUTION OF THE SCHRODINGER EQUATION 
FOR THE HYDROGEN ATOM 


THE detailed solution of the equation 


02 02 0? 822m e? 
a srt oe t+ pe (E45) $= 0 .... (18.1) 


has been given in several monographs! and it will be sufficient for our 
purpose here if we show how the discrete energy levels and the quantum 
numbers arise as a natural consequence of the method. It is necessary 
first to express equation 18.1 in terms of the spherical coordinates r, 6 and 

The relationship between the cartesian and spherical coordinates is 
given by the following expressions : 


x=rsin@cos¢ ra Vf x2 4 y2 4 7? 

; 4 
y =rsin@cos¢ aaa ie pags ero | 2. (18.2) 
z= rcos§ tand =~ 


Substituting the values of x, y and z given in equation 18.2 into 18.1 we 
obtain : 


1 07 ,o% ] du 1 o7. 2d 822m e? 
a ee ee oe ult SN irs 
r® or (r 7) T ,Fsin? 6 dd? T 735i d 36 (sin : oe) +a (E car )y =0 


.... (18.3) 


This equation may be divided into three more simple equations. We 
shall seek a solution ys, which is dependent on the three variables r, 6 and ¢ 
and which is the product of three functions, R(r) dependent only on 1, 
© dependent on @ and @ dependent on ¢. Thus, 


(7, 8,6) = R(r) O(8) P(¢) - ++ (18.4) 


Substituting equation 18.4 in 18.3 and dividing the equation obtained by 


sin? 6 We obtain : 
sin?@6d/,dR 1d’® = sin@d,. dO 82r2mr? sin? 6 et) 
Sarat T 6d? * @ do (sin 65 )+— yz (E+, = 0 
vie (185) 
: ; : 1 d*® ; ; 
in which ¢ occurs only in the term — dg?" Rearranging, we obtain : 
sin? 6d 7 ,dR sn@dy,. ,d@ 8m2mr2 sin? 6 e@ 
“Ra (a) toa (tin Oy) +e (E+E) = 
1 d’® 
= — 6 ap .... (18.6) 
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The left hand side of equation 18.6 contains only the variables r and @ 
and is independent of ¢, whereas the right hand side is a function only of 
2p . 
the independent variable ¢ and since the expression — 6 dg? is seen to be 


equal to terms independent of ¢ we may put it equal to a constant, which 
we shall call m?*. 


We then have 
1 a = 
Sigs .... (18.7): 
or 
at = _ m6 _... (18.8) 


The solution of this equation will be 
@(d) = A exp (17d) .... (18.9) 


As is clear from Figure 2, $ may vary only from o to az, the function 
having identical values at ¢ and ¢ + 27, consequently in order for the 
function to be single-valued, m must be equal to an integer. Thus the 
solution of equation 18.9 is only possible when m = 0,4 1,4 2¢etc. The 
parameter m™ occurred in the old quantum theory as the magnetic quantum 
number. In the above treatment it arises directly in the solution of the 
Schrédinger equation, in contrast to the old quantum theory in which it 
was introduced as a separate postulate. 

The constant A may be obtained by normalization. For this, it is 
necessary to integrate the expression Pz (¢) ®*% (4), where ©*; (¢) is the 
complex conjugate of ®;(¢) through the range of variation of ¢, 7.e. from 
O to 27, and to equate to unity: 


 2(4)0*a(6)d6 = 1 (18.10) 
where "O*5($) = A exp (— 1m) 
This gives 
A? [exp (md) exp (— 1md)db = A? 2r7=1 ~~ .... (18.11) 
0 
and hence 


A= 1/V20 .... (18,12) 


Thus the normalized function ®;(¢) is given by : 


®z(6) = [exp (id)]/V Dar .... (18.13) 


Equation 18.8 is satisfied by the functions exp (1%¢) and exp (—imd¢) and 
also by cos md and sinmd. In certain cases it is more convenient to use 
the real in the place of the complex functions. The values of the function 


* This constant designated by m must not be confused with the symLol for mass 
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@;(¢) in real and complex forms are given below for the various values of 


m(0,+1, +2 etc): 
Function ®-(¢) 


P,(¢) ~~ A/ On 


O46) =e ep (is) or Ppa ($) = Ge cond 


exp (—if) or yin () = Gm sing 


7 


P_,(¢) = 


0,(6) = ‘ exp (26) or ®yqu (f) = F= c05 24 


} ; 
P_»($) a / on exp (—274) or ®, sin (¢) = ay = sin 2¢ 
7 y 
.. . (18.74) 
Substituting the value of m? given by equation 18.7 into 18.6 aoe : 
sin?6 d dR x 6d dO 822mr? sin? 0 e? 
(72 = ee) — me ee (sin 8 ) +77 (E+=) =0 


R dr \’ ar © d0 dé h? 
... (18.15) 
or dividing by sin? 6: 
1d /_,dR m? l d dO 82r2mr? e* 
Ra (Pa) ~ nee + Gana w (sin Oy) +a (E +7) =9 
(18.16) 
which on rearranging gives 
ld dR 822mr? € m? l d;. ,d@ 
Rdr G dr i) h2 (E te) ~~ sin2@ @ sin 8 d0 (sin 6 7) 
.. (18.17) 


In this expression, 7 does not occur in the right hand side and @ does 
not occur in the left hand side, consequently each part may be equated 
to a constant. Let us call this constant B and after multiplication of the 


r terms by a and the @ terms by @ we obtain : 


1 d d@ m0 
sin 6 do (sin 07) — sin20 + pO =0 .... (18.18) 
1d dR BR , 822m Pe 
dr ts a) yk Ope (E +—)R=0 ... (18.19) 


We shall now seek a solution of equation 18.18 in the form of a series. 
The principles of this method are as follows : 
Let us substitute cos @ by z, then 


6(8) = P(z) .... (18,20) 


Pde Hein 8 3 sin L—at «(18.20 
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and equation 18.18 assumes the form : 
d vce z) 
eae { (1 — 2?) ae a { 
dz 


If we now make the Mtcnae 


P(z) =0 ....(18.22) 


Pig) = (ee (Z) ... (18.23) 
where |m] is the absolute value of 7%, we obtain: 
1 — 24) $9 — apm + Ne + he — prim) +1) $ @=0 
.... (18,24) 
This should now be directly soluble by a power series. 
Let G = dg + 44Z + yz? + agz3 + 0 San .... (18.25) 
which on differentiation gives, -_ 
dG re) 
eM + 2az + 3a5z7 4 «+++. = 2 tae .... (18.26) 
d°G _ 
a Qa, + 3.2a3z + 4.3442? 4 +++ = = 2a y(v — ze... . (18.27) 
The substitution of (18.25), (18.26) and biden) into (18.24) gives 
1.2a, + 2.3a3z + 3.4032? + 4.50523 + +--+ _ 
— 1.2a,z? — 2.34327 — 3.44424 — 4.5a5z5 — «+--+. — 
— 2({m| + l)a,z — 2.2(|m| + 1)agz* — 2.3(|m| + 1)agz3 — «+--+ + 
+ {8 —|m|({%] + 1)} ag + {B — [mI] (lme] + I)}aye+ 
+ {B || (m+) } age® + CB ALI (faHe| 1) F age? $ veveees 20 
.... (18.28) 


In order that this is true for all values of z, the coefficients of z and the 
higher powers of z must be equal to zero. Hence, 


zo M.2a, + (8 —|il (|| -+ 1) } a= 0 
zt 2.3a, +[{8 —|m|({m|+ 1) } — 2(|m] +1) Ja, =0 
z 3.4a, + ({B —|m|(|m]+ 1) } —2.2((m| +1) — 1.2] a, =0 
2° 4.5a, +[{B —|m|(|m|[ +1) } —2.3(|m| +1) — 2.3] az = 0 
z? (v1) (v4-2)ay42 + (8 — [mM] (|| +1)} —2.0( || +1) —v(v—-1) Ja, = 
(18.29) 
or 
v + ln|)(v +(m/+1) — 
A+. = aay Ta ee .... (18.30) 
A detailed investigation of the series obtained shows that it does not 
have a finite sum when |z| = 1, which corresponds to the values for @ of 


0 and w. But since © (@) 1s a parameter of the wave function %, which is 
finite at all points in space, © (8) must also always be finite, even when 
6 =0Oorz. These conditions are only possible when the series contains a 
finite number of terms and the series may be broken off at the term in 2" 


by putting 
B= (e+ |m|)(o +|m| + 1) .... (18,31) 
This makes the numerator of equation 18.30 equal to zero, so that at any 
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value, a,, all the coefficients a,4;, @,42 etc will be equal to zero and 
instead of an infinite series, a polynomial is obtained. Thus, owing to the 
condition that the function % must be finite, the function B may only 
assume certain definite values. 

It will be convenient to introduce a new quantum number J, given by 


f=v+ |m| .... (18.32) 
which may have the value zero, or any real number. From equations 
18.31 and 18.32, we have 

pB=ll+1) .... (18.33) 


The substitution of equation 18.33 in 18.18 gives the equation for 6. The 
functions @ (@) are known as associated Legendre functions. We shall not 
derive the general solution of the equation but shall give the solutions 
which may be shown to be correct by substitution in equation 18.18 (for 
full details of the method see PAULING and WILson! page 125 et Seq). 

The solutions of equation 18.18 are dependent on two quantum numbers 

and #. As we have shown above, / may have the values 0, I, 2, 3 etc 
and is the analogue of the azimuthal quantum number of the Bohr- 
Sommerfeld treatment. From that fact that />|m|, it follows that for each 
value of / there corresponds 2/ + 1 values of m which may have the values 
—l, —l+1,-°°--—3, —2, —1, 0, +1, +2, +3, -°°°l—1,b 
The values of the function 9,, are given below : 


Function 9,,; 


1-0 m=0 Oo(8) = V2 
{=1 m=0 6,.(6) = V8 .cos 8 
=] m=+1 @14,(6) = V Sein 6 ! 
a ' (18.34) 

1=2 m=0 8,,(0) = i (3 cos®@ — 1) 

: /15 
[=2 m=+1 5+,(8) = V1 sin 6 cos 6 
[=2 m=42 @.4(8) = ce sin? 


It now remains to solve the equation for the radial function 18.19, viz 


i 5 (752) — Ee + Sam (z +£) R=0__....(18.19) 


or putung R(r) = rv(r) 
d? i+ 87? . 
Wy {ro(r)} — — u(r) + 7 (E +=) ru(r) ....(18.35) 
This equation contains the term E, the energy of the atom. When the 
electron is at an infinite distance from the nucleus, the energy will be 


zero and since, as the electron is brought up to the nucleus a negative 
amount of work is performed, the energy will have a negative sign. Since 
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we are interested here only in the non-ionized atom we shall solve the 

ney oe negative values of E. For large values of r the terms con- 
+1 q Smme? 

ane —- aa om will be very small and may be neglected. 


Equation 8. 35 then becomes 


d? Si2mE 
<3 {r0(r)} + (— a ) ro(r) =0 ....(18.36) 
which may be rewritten as, 
d? i 
ie (rv(r)) + a*rv(r) = 0 ...- (18.37) 
where 
a = (— 82?mE/h?)) .... (18.38) 
The solutions of equation 18.37 are, 
ru(r) = C exp (ar) ....(18.39) 
ru(r) = Cexp (— ar) ....(18.40) 


Only the second of these solutions satisfies the condition that equation 18.37 
approaches zero as 7 tends to infinity. We shall now obtain a general solu- 
tion in the form of a product of the above solution, obtained for large values 
of r, with a function f(r), which must first be evaluated : 


ru(r) = f(r) exp (— ar) .... (18.41) 


Substituting this expression in equation 18.35, we obtain the following 
equation for f(r) : 


d*f df 87r2me" Ud + 1) 
a4 — 20S 4 (= CE) 0 ....(18.42) 
The solution of this equation will again be a power series 
io ¢] 
f(r = 2 byt? .... (18.43) 
whence 
df _ & d*f 
i Zod" i 5, viv — T)re-? ,.. . (18.44) 


Substitution of the derivatives in (18.42) leads to the following equation 
involving the coefficients of (18.43) : 


— 8r2mE\t — 82me? 

[ow +1) — 10 +1) Joy = 6, [20( ==) ~ FEE] (8.45) 
When v = / it is evident that the left hand side of equation 18.45 will be 
equal to zero. Consequently values of 5, with v <7 equal zero and the 
series will begin with the term 4,,,r/+1 

Investigation by the usual methods shows that the summation of this 
series for arbitrary values of E, tends to infinity as r—> oo and hence the 
product of the series with [exp (— ar)], t.e. the radial part of the wave 
function, does not tend to zero as r—» oo, which is necessary. This re- 
striction places a limitation on the values that E may assume and finite 
solutions exist only for such values of EZ, when commencing with v= 1n, 
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the series breaks off. This will occur if the coefficient of 6, on the right 
hand side of equation 18.45 is equal to zero : 


Sr2mE\t  812me? 
2» (-—-) -7 =0 . 2. .(18.46) 
which leads to the following solution for E (putting v = n) : 
27r?meA 
E= — .... (18.47) 


where n is an integer and / <n— 1. Substitution in equation 18.19 and 
solution of the resulting equation leads to the following functions, generally 
known as the Laguerre functions : 

2 


n=1 [=0 1s Ryo(r) = 5 2exp (—2) WHEhe C= sanz 


n=2 [=0 25  Ropo(r) =s32 =) i 2 (33) 
n=2 [=1 2 Ry(r) = sera oP =e) 


rt nO tanga GH48) 0 (8 


2r\2r r 
n=3 =1 3p Rg,(r) ives (4~53)55°° (— 32) 
4 7? r 
n=3 $l=2 3d R;,(r) = =a ga B= ,) 
. . (18-48) 
The product of the functions ®, © and R (equation 18.4) gives the full 


solutions of the Schrédinger equation which have been given in Table IV. 
The functions ¥%, corresponding to various atomic states, are orthogonal]. 


This means that the integral | dabedr =. The proof of the orthogonality 


of the wave functions is given by PAULING and WiIxson} page 441 and will 
not be discussed further here. 


DIRECTIONAL COVALENCY 


We wish to show first that the electron clouds of the three / electrons, 
possessing a shape similar to a figure eight, are directed along the cartesian 
coordinates. If f(r) represents the radial part of the wave function, we 
obtain from equation 18.14 and 18.34 the following expressions for the 
three / states : 

V3 


gov f (r) sin @ cos ¢ 


| ¥ | 
m=+1 < | 

aa Lp, = 4 f (r) sin @ sin b .. (18.49) 
m = We = 238 rin cos 8 | 
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From equation 18.2, it follows that 


sin 6 cos ¢ = x/r 
sin @sing = »/r | .... (18.50) 
cos @ = 2/r 
and hence, 
Yn = 23 sin = fs 
by = 8 pint = fing (18.51) 
_ V3 z 
Wert) ee 
where f(r) = watn Thus the function ¢, is directed along the x 


axis, function ¢, along the y axis and yp, along the z axis. 

Let us consider an atom a with two valency # electrons and let these 
electrons be described by the functions ¥,, and #,, ; let the p, electron be 
termed electron 1 and the f, electron as electron 2. On the approach of 
an atom 3, its electron (3) will exchange with both the electrons of a, with 
one of them, for example 1, it will form a covalent bond whilst it will be 
repulsed by the second. The energy of the molecule ab according to 
equation 4.6 is 


E = C -+ Ay — 4 A’ig = Cig + Cy3 + Ay3 — $ A's; 
vee ( 1852) 


where C,, and C,, are the Coulomb integrals, A is the exchangc integral 
between the electrons of 1 and 3 and A’,, represents the exchange integral 
between the non-bonded electrons of a and 4, 2.e. 


Cos = fb%re(1) HY (B)dr yg = | Ypg(1) H0(3) Hp, (8) Yo(L) dr 


Coo = [b%n(2)HY%(8)dr Aang = | Yoy(2) Yo(8) H tp,(3) yo(2) dr 
.... (18.53) 


Let the atom 4 approach atom a along a line making an 
angle a with the axis x along which the electron cloud 
of the £, electron is concentrated. If the x and y axes 
are now rotated through the angle a (Figure 78) to form 
the axes x’ and »’, the atom 6 will approach a along x’. 
The new coordinates will be related by the formulae 


Figure 78. Rotation of 


— , — 1 
x =x cosa—y sina .... (18.54) axes through an angle x 


y =x'sina +)’ cosa 
and the functions y, and y,, become on the new system of coordinates 
Ye, =Si(r)x = f,(r)[*’ cos a — y’ sin a] = $’,, cosa — yp’, sina 
Yp, =filr)y = f,(r) [x sin a +9’ cos a] = yp’), sin a + 'p, cos a 
... (18.55) 
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Substituting these values in equation 18.53 we obtain : 

Cia = [(W'p, 008 a — op, sin a)?(1) HY*s(3)dr 1 
= cos? af ¥'%,(1) #y2s(8)dr + sin? af", (1) 2 Y2(8)dr— | 
— 2sin a cos af H’pe(1) ¥’ny(1) He p70(3)dr | 

Coq = sin? a | o'?, (2) Hy2,(3)dr + cos? a i U2, (2) Hep?, (3)dr + 
+ 2sin a cos a| ¥p,(2)1'p,(2) HY*(3)dr | 

....(18.56) 


Similarly from equations 18.53 and 18.55 it follows that 
Ayg= { (H/p¢(1)cos a—y’p,(1)sin a) po(3) 2 fo(1) (¥",(3)cos a— y",,(3)sin a)dr 
=cosa f 'p,(1) o(3) H yo(1) o'p,(3)dr +sin2a [p’,,(1)y0(3) Myo (H's (3)er— | 
— 2sinacosa { th'p, (1) bo(B) H yoo(1) pp, (3) dr | 
A’ 9g=sin?a | ih'p,(2) Yo(B) H Yor(2) 'p,(8)dr + | 
+ vos?a { yp'p,(2)o(3) H yo(2) p(B) dr + 
+ 2 sin a.cos af p’,,(2) po(3) %y(2)p'p,(3)dr | 
.. +. (18.57) 
It is possible to show, that the integrals | b n(1) pp, (1) %(3)dr and 
tb 'rg(1) Yo(3) Hyp 4(1)p',,(3)dr are equal to zero and hence 
Cy = cosa i y'2, (1) ¥p%,(3)dr + sin2a { b'2, (1) p23) dr 
Cy, = sin?a | b'2, (2) ¥p,(3)dr + costa b'2, (2) Hy,(3) dr 
Ayy=costa{ U'p<(1)Yo(3) 2 Yo(1)'p,(3)dr sina f fp, (1) Yo(3) 2 po(1) p', (8)er 


A’ pg-=sin®a[ p',(2) Yo(3) 36 Yo(2) H'pe(B)dr-t-costa f (2) po(B) % yo (2) hp (3) de 
.... (18.58) 
whence it follows that 


C= Cy + Cog = [0% HWrdr + [oH pradr ....(18.59) 


Thus the total Coulombic energy does not depend on the angle of 
approach of the atom 4. On a change in the value of a, the energy of 
interaction of the electron of atom 6 with each of the electrons of a changes, 
but the sum of the interaction energies remains constant. 
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The exchange energy, on the other hand, is given by : 
A = Ay, +} A'oq = (costa — } sin®a) Pre H by'p,dr + 
+ (sin?a — } costa) [ ¥',,y),# yp"p,dr 
={ (3 costa — 1)/2}{ | WP Hv b'p,dr — hp, thy Hy b'p,dr } + 
+} | bp, pW'p,dr ....(18.60) 


and as is evident, A is dependent on the angle a. The relative positions of 
a and 6 in the molecule will be such that the energy of the system is at a 
minimum and the exchange energy is a maximum. This position may be 
obtained by differentiating 18.60 with respect to a: 


dA/da = 3{ [Hoth teW'n,d a i] bp, pr b,p',dr}sin a cos a 
-... (18.61) 


and it is evident that dA/da = 0 when a = 0° or go°. The bond is thus 
formed in the direction of the x axis where the overlapping of the electron 
orbitals is at a maximum and the repulsion energy due to the ¢, electron 
is at a minimum. 


HYBRID ELECTRON FUNCTIONS 


In order to derive the tetrahedral hybrid electron functions we shall follow 
the method of PAuLinG? and show that the linear combination of one s 
and three p wave functions give maximum. stability of the bond. The 
linear combination has the form : 


p; = af, + bp, + chp, + dp, 


We shall attempt to determine the values of the coefficients a, 6, c, and d 
which permit the greatest possible overlap of the resulting orbitals with 
the orbital of another atom. Let us suppose that the bond is formed in 
the direction of the z axis, so that the linear combination of the orbitals 


may be limited to 
Py = ay, + dbp, .... (18.62) 
This function must be normalized, 2.e. 


[Yrtdr = 0 [p,2dr + 2abfdu,dr + 02[ Pdr = 1... (18.63) 
The wave functions %, and ¢, are also normalized and mutually orthogonal : 
[¥edr = l [Pdr = 1 [¥atydr = 0 .... (18.64) 


and it therefore follows in view of equation 18.64, that 18.63 becomes 


a®#+$%*=1 .... (18.65) 
and therefore equation 18.62 may be written, 
py = ap, + (1 — a?) ty, .... (18.66) 
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we have that : 


b= s7=s0) 


Yo, = “ay (r) sin 8 cos ¢ . ++. (18.67) 
bp = aeKO sin @sing 


bre =e Sf (r) cos 6 


We are concerned here only with the angular dependence of the wave 
function and we may assume that the radial parts of the wave functions 
are so closely similar that their differences can be neglected. If we then 
regard 1/2\/m as part of the normalization constant and put f(r) = 1 we 
obtain : 


, =1 os 
w,. = V3 sin 6 cos ¢ .... (18.68) 
Yo, = V3 sin @sin ¢ 
bp, = V3 cos 6 
For the particular case of the direction along the z axis (7.e. when @ = 0) 
y, =1 ....(18.69) 
bp, = f/3 
which on substitution into equation 18.66 gives 
tig =o) = 2+ V3(1 — a?) -. ++ (18.70) 


In order to determine the value of a corresponding to the greatest value 
for % in a given direction, it is necessary to differentiate equation 18.70 
with respect to a and equate to zero: 


ne, |e 
af —! aV3( — 23) = 0 .. + (18.71) 
and 
a= 1/2 . (18.72) 
and consequently 
] 
b= 7 wb, + V3 by /2 .... (18.73) 


In the same way it is possible to find the hybrid orbital of the second 
electron. Let the second bond occur in the plane xz. For this orbital 
it Is necessary to consider only the linear combinations of the functions 


B., Yp, and Bp, : 
Yo = aah, + boty, + dovp, ..» (18.74) 


and, as in equation 18.63, the normalization of the wave functions leads 
to 
an? + 6,2 +d,7 = 1 ... (18.75) 
462 


MATHEMATICAL APPENDIX 


The functions ¥, and ¢, must be orthogonal and hence since d, = 0, 


Jbavadr = [(dy, + Vip /2) (aout bap, + daily, )dr = ag/2 + V3. 5,/2=0 


....{18.76) 
and hence 
a, = — b.V/3 .... (18.77) 
From equations 18.75 and 18.77 it follows that 
4a,7/3 +d,?=1 ; d, = (1 — 4a,°/3)* .... (18.78) 
1.€. 
Po = any, — aap, V3/3 + (1 — 4a,7/3)# pp, ....(18.79) 
In the plane xz, the angle ¢ = 0, so that 
%>. = V3 sin 8 
vy, = 0 .... (18.80) 
Yo. = 1/3 cos 6 
Substitution of equation 18.80 into 18.79 gives, since #, = 1, 
yb. = a, — a, cos 6 + (1 — 4a,?/3)t. V3 sin @ .... (18.81) 


and the values of a, and @ at which %, has a maximum value will be 
obtained by differentiation : 


4a, 
OMe 1 — cos 8 — Sis = aig AG 
da, J} _ 4a,” 
3 . . (18.82) 
0 2 = 
spi aesing +f — 2 - V3cos 6 =0 
and these equations are satisfied if 
cos§@=—1/3 ; a,=1/2 .... (18.83) 
and consequently 
b,= —1/2V3 3 d= V2/3 (18.84) 
and substitution of these values in 18.74 gives 
1 V2 l 
== = Sete. ak ee ....(18.8 
Po 9 ws “— /3 Po. 24/3 Yo. (1 5) 
Since cos 6 = — 1/3, the function y, is directed along an axis making an 


angle of 109° 28’ with the z axis. In a similar manner we find for the 
third and fourth electrons : 


= ee a Ze 
Yo 9 te a3 Yh V6 Yee + 7a Me, 


1 l 


; .... (18.86) 
Me ate 75 Mee — 75 Mee — 75 Me 


the angle between any two axes being the tetrahedral angle. 
Another series of tetrahedral orbitals may be obtained starting from the 
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assumption that each hybrid orbital consists of one quarter of each of 
the s, ps, fp, fp, electrons (t.¢., ay? = a)? = a,” = a,? = }). On this 
basis the coefficients of Ys, Poe» Wry, Wp, in the combined function will be 
+3. The four orbitals will thus differ in the different arrangement of 
the + and — signs of the wave functions : 


%, = 3 (¢, + . + Ypy ae Pp.) 
Yo = 4 (4, — Yo, — Yp + 4) .... (18.87) 
$3 = 3 ($, — : + py — 4p.) 
be = 4 (db, + op, — Ypy _ Pp.) 


These functions are exactly equivalent to those given above, their 
advantage lies in the fact that the identity of the four orbitals 1s more 
apparent. 

For the hybridization of one s and two # electrons, the s function is 
divided equally amongst the three resulting hybrid functions, so that into 
each hybrid electron orbital there enters one third of the s cloud (2.e. 
a* = 1/3). The first orbital may therefore be represented by 


$, = V1/3. 4, + V2/3. yp, .... (18.88) 
and is directed along the x axis. The remaining orbitals will be 


bo = aah, + dof, + Coy, 
ws = ash, + bat, + C3Bpy avga( 18:29) 


From the normalization conditions it follows that 


an” + bg” + ¢y* = I 3 

ere © eee ee ....(18.g0) 
and since 

a, = a, = V1/3 ....(18.91) 
then 


by? + ¢,* = 2/3 
From the orthogonality of the wave functions it follows that 


J (VIB ts + V2/8 Yes) (VIP 4, + Dade, + Coit) dr = 1/3 + V2/3 6, = 


. . (18.92) 


... (18.93) 
Hence from equations 18.92 and 18.93 it follows that : 
ee Mer Os) 
Co = V1)2 (18.94) 
and similarly : 
vas (18. 
ee (18.95) 
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Finally we have 


v7 = e+ Ni ,. 


3 
] } 
—= —_ — ——_] ncaa aay ah oeee 8 6 
Po = V3 ys, 7 Wp. 5 \/2 Yp, (1 9 ) 
2 ee 
Ya = 7g — Yon 73 Hoy 


The hybrid wave functions of one s and # electron will be 


j \ 
De REE | 


; ; . (18.97) 
a ig os ; 
Five hydrogen like d orbitals are : 
= Jef (3 cos? @ — 1) 
dre = VIBS (1) sin 8 cos 8 cos 4 
dete = V15S (r) sin 6 cos Osind .... (18.98) 
arty = NE, (r) sin? sin 246 
= JRro sin? 8 cos 2¢ 


where f(r) is the radial part of the wave function which need not concern 
us, aS we are primarily concerned with the angular dependence of the 
wave functions. 


For six hybrid d*sp3 orbitals we obtain : 


oe ig Yee + 5 
tho = _ in +a We, 
movant ona +44, + at 
= vin EM +3 ay — Fe Ue ++ (18.99) 
ary, a wa oe rt 


1 
be = va tee +s — 3 Play — Fe bp, 
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and for the formation of four dsp* hybrid orbitals we obtain by the same 
inethods : 


1 
b= 3% +3 be, + V5 Yes 


= 39, +4 fa, — ath ....(18.100) 


] 
bs = bbe — bbe, + G5, 


l 
ty = 2 ts — 3 Yay — V5 Ye, 


VIBRATIONAL AND ROTATIONAL STATES 
In order to determine the vibrational and rotational states of molecules, 
we shall consider the case of the diatomic molecule. To a first approxi- 
mation we shall assume that the vibrations are harmonic (see Chapter 1 
equations 1.12 ef seg). We have 
F = -- kx = m(d*x/dt*) .... (18.101) 


where x is the displacement due to the force F and & is the proportionality 
constant. The angular velocity w is given by 


w= VSk/m ....(18.102) 
and since 
w = Inv ....(18.103) 
where » is the frequency of vibration hence 
y = (1/20) Vk/m ....(18.104) 


In a diatomic molecule, if both atoms are vibrating, the masses are m, and 
m, and the equilibrium distances from the centre of gravity of the molecule 
are r,; and r,, then 
M4Y, = Mofo .... (18.105) 
Let the nuclei be displaced through distances x, and x, the centre of 
gravity will remain in the same position and hence 
m,(r; +) = m,(r2 + Xo) .... (18.106) 
or 
MX, = MoX, .... (18.107) 
Thus we have x, = m,x,/m, and x, = m,x,/m,. The total displacement is 
(x, + x,) and consequently 
Fe = — k(x, + x) ....(18.108) 
substituting for x, and x, we obtain 


Fm — k(™22) 5, = — 4( le, .... (18.109) 


My Mo 


The corresponding equations of motion, will be : 


d*x, m, -+ Mm, d*x. m, +m, 
at = k a ) x, and m, 7) a ( m, ) Xo 
. 2 6(18.110) 


my, 
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Multiplying the first equation by m,/(m,-+m,) and the second by m,/(m, +m) 
and adding, we obtain ; ; 
mym, \(d*x, , d*X\ | 
Cara ” a sot tat) = Wey tty) (18.01) 
Replacing (x, + *,) by x, we obtain 


2 
mm, d*x 


ane .... (18,112) 
This represents the vibration of a particle of mass m where 
m = mym,/(m, + m,) ....(18.113) 


Thus, the vibration of two atoms about two equilibrium positions may be 
replaced by a single oscillator with a reduced mass m. The frequency of 
the oscillator will be 

vy = (1/27) Vk/m = (1/27) Vk(m, + m,)/mym,.... (18.114) 
The work done in displacing the oscillator from the equilibrium position 
to a distance «x is 


[axde = kx?/2 .... (18.115) 
v 


This quantity is numerically equal to the potential energy V. Since 
x = A cos 2m (where A is the amplitude) then 


V = kx?/2 = 2n*v?mx? = 202y?mA?* cos? 2rvt —. .. . (18.116) 
The kinetic energy T is given by, 
2 
T = mv?7/2 = m(S) == 2r*y*mA* sin? Qavt .... (18.117) 


Thus the total energy of the oscillator is : 
E = 21*v?mA?(cos? 2avt + sin? 2mt) = 202v2mA? 
.... (18.118) 
In the old quantum theory it was assumed that the oscillator may only 
have certain energy values defined by : 


E = xhv ....(18.119) 
where n is an integer. The oscillator can absorb energy only in quanta, 
and the energy changes from £, = nhv to E,,, = (n + 1)hv. From 
equation 18.118 we have 

E, = nhv = A,?2n*v2m .... (18.120) 

E41 = (n + 1)hv = A451 . 2072 .... (18.121) 

During the absorption of energy, the frequency remains the same, only 

the amplitude changing. Thus in contrast to the classical treatment the 

amplitude cannot possess any values but only certain values 4, A/a, 
Av/3, etc and 


7 aay .... (18.122) 


In the same way that the application of quantum mechanics has modified 
the original quantum treatment of the hydrogen atom, the above equations 
have to be modified. The Schrédinger equation for a linear oscillator is 


2 2 
a 4 or (EB — 2n'vmsx)y = 0 .... (18.123) 
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For convenience in the following treatment we shall put 


2 2 
sme =a and fm = 6 .... (18.124) 


and 
a/b = 2E/hy os oe (18.125) 


In place of the coordinate x, we shall employ a coordinate q which is 
related to x by 


g=xvV/b . + (18.126) 
Then ey : 
d d* yp 
ae? das »... (18.127) 
Substituting equations 18.125 and 18.127 in 18.123 we obtain : 
dy a 
dq? + (§— 9) =0 »... (18,128) 


On solution of this equation it appears that a/b may assume only the 


values I, 3, 5, 7 etc, or in general 2n + 1, where n is an integer. It is clear, 
for example, that 


y = exp(— 97/2) »... (18.129) 
is a solution. The second differential coefficient of equation 18.129 gives 
d@? 
Tet —gp=0 » (18.130) 
1.6. 
afb = 1 = 2Eshy or E=hyf2 oo. (18.131) 
also 
Ww = 2g exp (— q?/2) .... (18.132) 
may be a solution ; on differentiation we obtain 
d2y 
qe eee +66 (18.133) 
and 
afb = 3 or E= 3hr/2 we (18.134) 
Other solutions will be 
yy = (49? — 2) exp (— g?/2) E = 5Shv/2 
» +. (18.135) 
ys = (89° — 12g) exp (— q?/2) E = Thy/2 
» (18.136) 
yy = (16¢4 — 48g? + 12) exp (— 92/2) EF = Q9hv/2 
..«.(18.137) 


From the above solutions we see that in general the energy of the 
oscillator (harmonic) may be expressed by 


E=(n+4)Av .... (18.138) 
and the energy may only assume certain values and is never zero, the lowest 
value (i.e. the zero point energy) being hv. 

Let us now consider the possible rotational states of the diatomic 
molecule. The rotational cnergy of a diatomic molecule is given by 
E == myv,7/2 + myv,"/2 » +. (18.139) 
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where z, and v, represent the velocities of the two atoms. If the number 
of rotations in unit time is » then 


vy = 2ary .... (18.140) 
V. = Qnrav .... (18.141) 

and 
E = 42°y2/2(myr,* + mere”) .... (18.142) 


We have, 277 = w, where w is the angular velocity and (m,r,?+mar,”) =I 
where J is the moment of inertia of the molecule. Equation 18.142 thus 
becomes 

E = Iw?*/2 .... (18.143) 
On the basis of the old quantum theory the angular momentum mur was 
quantized in units of JA/27 where 7 was an integer. Applying the same 
hypothesis to the case of the rotating molecule we have 


MyV4T) + MyVerg = Fhl27 .... (18.144) 
and substituting equations 18.140 and 18.141 we have 
2rv(myr,? + more”) = Iw = Fh/20 ....(18.145) 
From equations 18.145 and 18.143 we obtain 
E = Fh? /8r*I .... (18,146) 


i.e. the energy of the rotator is proportional to 7?. The introduction of 
quantum mechanical methods leads to a similar solution. In the case of 
the rigid rotator, r is a constant and it may readily be seen that in this 
case, treatment by the methods given in equations 18.15 to 18.19 gives 


B = 8r2IE/h? 
and since B = /({l + 1) where / is an integer we have in place of equation 
18.146 
E= FF + 1)h2/802l .... (18.147) 


It may readily be shown that the moment of inertia is related to the 
interatomic distance. Since r =7, +7,, from 18.105 we have : 


‘ ( 
M7, = Mofo and mr, =m (r—r,)  «... (18.148) 
or 
Mo 
r = 7 -———— eevee 18.1 
ae Sap (18.149) 
and 
m 
1 
| — rear ree ....(18.150) 
c m, + my, 


and substitution in the expression for the moment of inertia gives, 
NM 
T= my,? + my? = —1—— 1? = mr? woe (18.151) 
Wa + 2° 2 m, + Mm. ( 5t) 


THE CLAUSIUS-MOSOTTI EQUATION 


Consider a plane condenser with two infinite plates located at a definite 
distance from each other. The condenser is charged and the surface 
charge densities are + o and — o. We have to calculate the force acting 
on a unit charge situated at a point O in the space between the plates 
(Figure 79). Let us draw OA perpendicular to the plate and construct two 
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concentric circles with Aas centre and with radii s and s + ds (AB and AC). 
The area of the annular ring between the two circumferences is 27sds and 
as is seen from Figure 79, 


AB = s = OBsinfP oo. (18.152) 
ds = BC, the angle CBD = B and the side BD is given by 
BD = OB sin dB » ++ (18.153) 
In view of the small value of the angle dB, we may write 
BD = OB dp ».- (18.154) 
and 
BOS Gir a2. 2 0Eae .. (18.155) 


cos B cos B 
The area of the annular ring is then given by : 


27(OB)? sin Bd 
2rsds = oe ae (18.156) 
Its charge, therefore, is 
, 2m (0B)? cosinBd 
o =e .. + (18.157) 
The force acting on the point charge O due to the charged ring will be 
‘cos : 
OBE = v6 sineue ee. (18.158) 


In order to obtaix the field due to the whole of the charged plate, (18.158) 
must be integrated over the range 0 to 90°. This gives 270. The unit 
negative charge, however, is attracted 
to the positive plate and repelled to 
an equal extent by the negative plate. 
The total force acting on the point 
charge will therefore be 47a. 
a If we now fill the space between the 
ee plates with a dielectric, e.g. benzene, 
op the molecules will be polarized, the 


= positive nuclei being displaced in the 


- + - + + =o 
- + - + - + = + 
-@7 
— + -— + - + _ + 
-_+ - + - + - + 


Figure 79. Forces acting onunit charge ata point Figure 80. Representation of induced dipoles in 
O between plates of a plane condenser dielectric of a plane condenser 


direction of the negative plate and the negatively charged electrons dis- 
placed towards the positive plate (Figure 80). The induced dipole moment 
will be de, where d is the displacement and ¢ the charge. If the dielectric 
consisted of a substance with a permanent dipole moment, the molecules 
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would be oriented in the field duc to the charged plates. It is thus possible 
to regard the space between the plates as filled with dipolar molecules 
arranged end to end as is depicted schematically in Figure 80. It is clear 
that the force acting on the unit charge is now not the same as in the 
absence of the dielectric. All the dipoles within the dielectric will be 
compensated, but there will exist a layer of negative charges close to the 
positive plate, and a layer of positive charges adjacent to the negative 
plate. These layers of charges may be regarded as a second inner con- 
denser and if the surface charge density is J, since the field due to the 
inner condenser will act in the opposite direction to that due to the outer, 
the resultant force acting on the point charge is not 470 but 470 — qr. 
We then write 
dro a 


OT Py Beda ES Hao .... (18.159) 


where « is the dielectric constant. 

It will be clear that J is dependent both on the number of dipoles and 
on the magnitude of the moment, whether induced or induced and 
permanent, thus 

I= nm ....(18.160) 
where n is the number of molecules per cc and m is the dipole moment in 
the direction of the field. 


ea Ea - ee, A ee 
eos Si S58 
a es meena read 
- + = + - + - + 
ee ee. a, eee 
+[- + )- 
Figure 81. Representation of unit charge within Figure 82. Forces acting on unit charge 
dielectric medium of condenser within plane condenser filled with a dielectric 


We now wish to determine the effective field acting on a molecule 
situated in the dielectric. To do this, a spherical cavity 1s constructed 
around a point charge (Figure 81). The force acting on the charge may be 
divided into three parts: that due to the charge on the condenser, 47 ; 
the force F, determined by the polarization of the molecules surrounding 
the cavity ; and the force F, due to the molecules within the cavity. Thus 


F=4ro0+F,+F, .... (18.161) 


In order to evaluate F’,, we shall consider a ring ABCD (Figure 8a) 
of surface area : 


27(BK)(AB) = 2m (rsinB)(rdB) = 2nr*sinBdB  .... (18.162) 


where r is the radius of the sphere. The surface charge density of the 
sphere is J cos 8 since the charge J of an area s, perpendicular to OL when 
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transferred to the sphere will occupy an area s/cos 8. Thus the total 
charge on the ring will be : 


lL’ = 2nlr? sinB cosBdB .... (18.163) 
At the centre of the sphere, the field acting on the point charge will be, 
I’ cos B/r? = 2mIsinB cos?BdB .... (18.164) 


On integrating equation 18.164 from 0° to 180° we obtain 47J/3 which 
represents the charge on the sphere. The direction of this field, as is clear 
from /igure 82 is the same as that of the outer, 7.e. original field, hence 
FF, = — 4nl + 401/38 = — 871/83 .... (18.165) 

The calculation of F, produced by the molecules within the cavity 
presents the greatest difficulty since it is necessary to know the arrangement 
of the molecules within the cavity ; Lorentz? has shown, however, that 
when the dielectric possesses a sodium chloride type lattice, or when the 
molecular distribution is completely random, F, = 0. 

Thus the total force, F, acting on the point charge is : 


F = 4nro0 — 8rl/3 = 400 — 8xnm/3 .... (18.166) 

The moment of the molecule in the direction of the field, is to a first 
approximation, proportional to the field, 

m = af .... (18.167) 


where a is the polarizability. Substituting equation 18.167 in 18.166 


we have 
I = 420 — 8rnaF/3 .... (18.168) 
Thus we obtain the following expression for the dielectric constant : 
— a fan + 2naf3 
<=o—1° IfAxn — na/3 ....(18.169) 


which may be rewritten in the form 


(e — l)f(e + 2) = 4nna/3 .... (18.170) 
If M is the molecular weight and d the density then 
n= Nd/M 
where W is the Avagadro number and 
(e — l)/(e + 2). M/d = 4nNa/3 seea (ION7T) 


THE LANGEVIN-DEBYE EQUATION 


If a polar molecule of moment y» forms an angle f with the field, the 
component moment in the direction of the field is » cos 8B. This is the 
quantity which enters into the experimentally determined polarization. 
Each dipole will be oriented at an angle to the field and hence the sum of 
all component moments is 
cos By ++ Wc0s By ++» + 1c0s By 

and in order to determine the average value, it is necessary to divide the 
sum of the component moments by the number of molecules. 

We shall first consider the probability of a free molecule, in the absence 
of an applied field, making an angle between B and 8 + df with an 
arbitrary direction, if all directions are equally probable. Let us imagine 
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that the molecules are rearranged, without change of orientation, so that 
one end of each molecule is located at the point O (Figure 82). We shall 
draw a sphere with this point as centre and let OL be the given arbitrary 
direction. We mark out on the surface of the sphere a ring A B C D whose 
area will be 27r? sin BdB (equation 18.162). The probability of a molecule 
making an angle between B and 8 + d8 with OL, will be equal to the 
ratio of the surface of the ring to the surface of the sphere : 


ate 
dlyv =e = }sinBdB spew TOs 72) 


When the molecule is located in an applied field, the distribution will 
be determined by the Maxwell—Boltzmann law. ‘Thus if the probability 
of a particular state in the absence of a field is a, then in the presence of a 
field the probability will be a exp (— V/kT) where V is the potential energy 
of the molecule in the field, & is Boltzmann’s constant and T the absolute 
temperature. Thus the probability of a molecule forming an angle B with 
the direction of the field will be, 3 sin 8 [exp (—V/kKT)]dB. We have now 
to obtain an expression for the potential energy of the dipole in the field. 
In order to do this we must calculate the work 
done in rotating the dipole from a position AB, 
perpendicular to the field, to a position CD 
where it forms an angle f with the direction 
of the field (Figure 83). If the end of the dipole 
has moved through the distance AC, the work 


done is 
Fe(CK) = Fe(OC) cos B 


.... (18.173) ere rere tee 
where F is the applied ficld numerically equal et re? ‘in the field Hi oe 


to the force acting on a unit charge, e is the denser 

positive charge on the dipole and CK is the dis- 

placement in the field. The opposite end of the dipole moves through 
the distance BD and the work done is 


Fe(DL) = Fe(DO) cos B .... (18.174) 
The total work done is therefore 
ke cos B (DO + OC) = Fel cos B ... (18.175) 
where / is the length of the dipole. 
Since 
el=p .... (18.176) 
the potential energy of the dipole in the field will be 
V = — Fy cos B .... (18.177) 


As is evident, the potential energy is at a maximum when B = 0. Thus 
the probability of the dipole forming an angle between B and B + dB 
with the field is : 

dW = }sin B (exp #205) ap (18.178) 


In order to find the number of molecules forming an angle 8 with the 
field it is necessary to multiply dW by the total number of molecules, JY. 
Each of these molecules will possess a dipole moment p» and a component 
moment in the direction of the field of ~ cos 8. The sum of all the com- 
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ponent moments is therefore NdlVycos 8. Integrating this expression 
through all possible angles from 0° to 180°, we obtain the sum of the 
component moments for all the molecules. Dividing this value by NV, we 
obtain the average value of the moment in the direction of the field : 


a = fvesin Boon 8 ( exp Ht po! F) dp ....(18.179) 


Fu cos B 
AT 
less than unity. For example, a dipole with » = 1D=1 xX 1078 e.s.u 
situated in a field of 300 v/cm possesses a potential energy 4 xX 1074 times 


Under the experimental conditions is always considerably 


the thermal energy. Consequently in place of exp ( SESE ) we use 
the first two terms of the series 7.e. we assume 
Fu cos B\ _ 1 4 Fucos B 
exp ( ET ) =I1+ es ... (18.180) 
We thus obtain 
2 ad a B 
n= 2 | sin 8 cos B(1 + )ap =" ir ....(18.181r) 


It is possible to integrate the anilas ind directly without putting 
it in the form ofa series. We then obtain 


mm __ exp (a) texp(— 4) _ 1 rq), where a = fH 
pw  exp(a)—exp(—a) a kT 
At small values of a this reduces to the expression given in equation 18.181. 
A more exact quantum-mechanical treatment of orientation polarization 
leads to the same expression if the temperature is not too low. At low 
temperatures, corrections have to be introduced. Generally, however, 
dipole moments are measured at temperatures where equation 18.181 may 
be used. 
The moment in the direction of the field is proportional to the strength 
of the field, z.¢. 


m= a,, F .... (18.182) 
and hence we obtain, 
— 
Aor, = 3kT ....(18.183) 


DIPOLE MOMENTS OF BONDS 


Let us consider the origin of the electrical dipole moment of a single 
molecule. In a diatomic molecule containing a single covalent bond, 
each nucleus together with the nonvalency electron shells may be regarded 
as a point charge of + e, the electrical centre of gravity of two such charges 
will be located midway between them. The two negatively charged 
electrons, one to each atom may be conceived, on the basis of quantum 
mechanics, as an electron cloud which surrounds the nuclei. In the 
hydrogen atom the electron cloud of the 1s electron possesses spherical! 
symmetry and its centre of gravity 1s located at the centre of the sphere 
which coincides with the nucleus. 
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If the electron be described by the function y, the average value of its 
coordinate, x, is given by the following expression : 


_ { bxiide 
[dr 


which will represent the mean value of the coordinate of the electron cloud 
in the state represented by the function ¥. This expression is obtained in 
the following way. It will be remembered that in classical mechanics, the 


{ ST (x)xdx 
| f (x)dx 


probability that x has a value between x and x + dx. Let us consider a 
particular example. If the distribution of velocity of gas molecule obeys 
Maxwell’s law, the probability that a molecule has a velocity between v and 


v + do equals A (exp 
be integrated through all values of v we obtain : 
Af exp (— mv?/2kT )v2dv = 1 


.... (18.184) 


where f(x)dx is the 


average value of any dimension x is *= 


mu? : 
OT ) v2dv, where A is a constant. If this expression 


or 


A= 1/f exp (— mu?/2kT ) udu 


If the total number of molecules is NV, the number of molecules with a 
velocity between v and v + dv is: 


NA exp (— mv?/2kT)vdu 
The sum of the velocities of these molecules is 
NvA exp (— mv?/2kT)v2du 
The sum of the velocities of all the molecules is therefore 
i) NvA exp (— mv?/2kT)v2du 
and the mean velocity 
v= { vA exp (— mv2/2kT)v2dv 
Substituting for A we obtain : 
{ v exp (— mv?/2kT )udu { uf (v) dv 
U = ons ._.:.::.n.n ss: _ so ee SS SSO 
[ exp (— mv?/2kT )v2du iy (uv) du 


where f(z) is the probability that the value of the velocity lies between 
v and ov + dv. In quantum mechanics where the probability is given by 
2dr or more exactly by p*ibdr we have the analogous formula 


[ptaydr 
[oder 
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Following equation 18.184, for several electrons the average value of the 
coordinate will be 


[oSx,yer 
“x, = —_+___ .. (18.185) 
{year 
ig aU ons ea ea ee n and nis the number of electrons. 


In a diatomic molecule the electronic centre of gravity will be found 
on the line of centres which may be taken as the x axis. If the origin 
of the system of coordinates is located at the centre of gravity of the 
positive charges, the distance 2x, determined by equation 18.185, will 


give the average distance between the electrical centres of gravity. The 
dipole moment will therefore be 


e| box. bdr 
_ th opsbee .. (18.186) 
[¥edr 
In the case of two electrons the above expression becomes 
ef ox, + *2) pdr 
= .. (18.187) 


| Pedr 


If the bond in the molecule is entirely covalent then its moment may be 
obtained by substituting into this expression, equation 3.95, for the homo- 
polar bond : 


ef (Yel) sl) + Yo) al2)"lrr + 2)¢r ag agg) 
Hiom. = eee eae a2), 


which on rearrangement becomes 


[bt We2(2) Oy + xalde ef bX UPO) Or + ander 
Pham. = ee ah 
Ae ice 2)es(2)(r taddr ag a0) 
a 


From this expression it is clear that the moment of the homopolar bond 
consists of the moments of the structures W,7(1)Y7(2) and wy?(1),2(2) 
corresponding to the location of the electrons on atoms a and 4, and the 
moment of the transitional structure %,(1)Y3(2)W,(2)y,(1) : 


ec) bal) be2(2)(xy + xeldr od 4 B) 


ae 1) ae eG 
. (18.190) 

ef 21) b2(2)(xy + es)dr B+ A) 

He = age as? 
.. (18.191) 
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ef yall) Ps(1)Pa(2)¥o(2V(x1 + x2)dr gers 
Hpe OSE Be Se 


. (18.192) 


A= [y2xdr B= [yexdr T= [¥eexdr (18.193) 


Let us place the origin of the system of coordinates midway bctween 


the atoms, then 
Az= 7/2 ....(18.194) 
B= —r/2 ....(18.195) 


where r is the interatomic distance. It is then clear that py = p, = 0 
and for bonds between identical atoms the integral T and hence pom. 
become zero and the molecule, as is to be expected, is nonpolar. 

In the case of covalent bonds formed between different atoms, the 
electron cloud due to the transitional structure is almost certain to be 
asymmetric. A!though we have considered the motion of a pair of electrons 
in the field of two identical positive charges, it is nevertheless necessary 
to take into consideration the fact that the wave functions of the electrons 
taking part in bond formation may be different (for example, one may be 
an s electron and the other a f electron as in HF). Consequently it is 
not clear a priori whether or not the transitional structure possesses a 
moment. The calculation has been made for the bond in hydrogen 
fluoride, where the asymmetry of the electron cloud might be considered 
to be significant owing to the considerable difference in the electronega- 
tivity of the hydrogen and fluorine atoms. It is found* that the moment 
is less than o-1 D and we may therefore conclude that the moment of a 
homopolar bond is in general negligible. 

The ionic state of the bond is described by the function ¥,(1)%,(2), we 
then obtain, 


where 


B= ef y2(1) pe2(2) (x, + x,)dr =2eA=er  ....(18.196) 


in accordance with the usual expression. 

In bonds between different atoms the dipole moment may have inter- 
mediate values owing to the superposition of covalent and ionic states. 
in such cases the bond is described by the function 


= cy Pa(1) ps2) + Yo(1) Fo(2)} + caval) p0(2) 


. . (18.197) 
Substituting this expression into equation 18.187 we obtain, 
=e ¢,7[2(A+B) +4TS]4+2¢,7A4+4eycgQ(AS+T)  ————_ efeg*r +-2c,c, T'S) 
¢,2(2+28) +05?+4¢,c.8 ~ €,2(2 4257) Mae 
18.19 


The bond moment is thus composed of the moment of the homopolar 
structure 
2A +2B + 47TS 
Hhom, = € x 0 ....(18.199) 


where N is the normalization constant. 
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The moment of the ionic structure will be: 
uw; =e. 2A/N = er[N with coefficient c,? ....(18.200) 
and the moment of the transitional structure is, 


_ ,2AS+T. ~ 2AS _ erS_. : 
me are Se aS with coefficient 2c ¢, 
....(18.201) 


Equauon 18.198 may be used to calculate c, and ¢, and by this means 
the weights of the different valence bond structures may be determined. 


DEFORMATION, ORIENTATION AND DISPERSION EFFECTS 


Let us now calculate the field due to a dipole. The potential due to the 
dipole AD at the point O (Figure 84) will be e/ry — e/rg = e(rg — 14) /1472 
o where r, and r, are the distances of 

the point O from the positive and nega- 

See tive ends of the dipole. If O is a 
sf sufficiently large distance from AD, we 


v4 
Pe may substitute r? for 7,r7,, where r is 
i: oo the distance from O to the centre of 
Ce a the dipole and it will be possible to 
, regard the angles OAD and OCD as 


a equal. 
we ode From the figure, we see that 
a ro —7, = AB=Icos¢ 
FSi as ae .... (18.202) 
G 


where / is the length of the dipole and 


¢ is the angle OAD. Thus the potential 


Figure 84. Field due to a dipol ae 
pre oe a energy Vis given by : 


V = (el cos d)/r? = (u cos d)/r* ....(18.203) 
The field component in the direction of 7, will be 
— Wher = (2u cos d)/r3 ..:.(18.204) 
and in the direction perpendicuiar to this, 
— Wired = (p sin ¢g)/r§ .... (18.205) 


From equations 18.204 and 18.205 we obtain the following expression for 
the resulting field 


raf Gagne ei) nfo ca} 


‘ad OL 1 : 
es) 3 Cos d a l ....(18.206) 


The mean ‘value of cos ¢ is equal to 1/3 since the probability that an angle 
i peurecn ¢ and ¢ + dg is }sinddd; the average value of cos’¢ is 
erefore 


fy cos*d sin ddd = 1/3 
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Consequently the mean value of & becomes : 
Fe py/2/r3 5 eh POSIO7) 
We shall now obtain an expression for the deformation interaction of 


two molecules. The action of the field F, of the first molecule is to induce 
into the second molecule a moment given by, 


Mm, = ex = af, .... (18.208) 


where x is the displacement and a, is the polarizability of the second 
molecule. 
The force acting on the charge ¢ is Fye. On the displacement of this 
z 


charge through a distance x by the field, the work done is |F yedx and since 


0 
from equation 18.208 we have : 
ef, = e*x/ae 
consequently 
7 a o 9 9 ° 
Z “ ~ = , 
[Pyedx — i dv = ok = ask, eocee (18.209) 
0 o | as bu 


The potential energy of the induced dipole of the second molecule in the 
field due to the first molecule is — F,m, cos B (see equation 18.177) which 
in the present instance will be — Fym,. Thus combining with equation 
18.208, 

Fim, = — F,o.F, = — a.F,° .... (18.210) 


Consequently from equations 18.209 and 18.210 the total potential energy 
of the induced dipole in the field of the first molecule is 


— agf,* + a.F\7/2 = — aF*/2 ....(18.211) 


If the second molecule has a dipole moment of p, and the polarizability 
of the first molecule is a,, a moment is induced into the first molecule 
equal to m, = a,F, and the potential energy of the first molecule in the 


field of the second is — a,F,*/2. The total energy of the two molecules 
is therefore 


— a,F,*/2 — a,F,7/2 .... (18.212) 
For two identical molecules, 
tps and Ha Fs 
so that 
E = — aF .... (18.213) 
and substituting for F from equation 18.207 we have 
Fag, = — 2p7a/r8 ....(18.214) 


The equation 18.214 expresses the deformation energy of interaction of 
two dipoles and forces of this type do not depend to a first approximation 
on the temperature. For the calculation of the energy of orientation 
interaction it is possible to proceed in the same manner as in the deduction 
of the Debye equation (see above) but it is also possible to proceed directly 
from equation 18.214. 

If a molecule possesses a permanent dipole moment yp, it is equivalent 
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to the existence of an effective polarization of p?/3kT (equation 18.183) 
and substitution into equation 18.214 leads to 


Ey, = — 2y4/3rSkT .... (18.215) 


This expression will only be valid at high temperatures, since in the 
deduction of the Debye equation we restricted ourselves to the case when 
V<kT. At low temperatures it may be shown that the interaction 
energy is given by 

Ta) = — 2y?/r3 .... (18.216) 
For the calculation of the dispersion effect we shall consider the inter- 
action of two dipolar hnear oscillators. Let each of these consist of a 


positive and negative charge. The frequency of oscillation ») of each 
oscillator is related to the force constant k by the equation 


(v% = 1/27) Vk/m .... (18.104) 
The force due to the field F on the charge will be 
eF = kx .... (18.217) 
where x 1s the displacement. From equation 18.208 it follows that 
a = ex/F .... (18.218) 
which with equation 18.217 gives 
a = e*/k .... (18.219) 
and hence = 
oe 
Mon) a .... (18.220) 


The potential energy of the first oscillator is 
V = kx 7/2 .... (18.221) 
and the kinetic energy 1s 
T == mv,?/2 = p,?/2m .... (18.222) 
where fp, = mv, 1s the momentum. 
The total energy of the first oscillator is therefore 


Ey = p,2/2m + kx,?/2 ... (18.223) 
and similarly for the second oscillator 
Eg = po?/2m + kx,7/2 .... (18.224) 


Let us now consider the interaction of linear oscillators separated from 
each other by a distance r. From Coulomb’s law there is an electrostatic 
energy (Figure 85) : 

Y, + %*% > 


Figure 85. Interaction of linear oscillators 


l l ] l 2erx x 
u=e{ o) ti} = — ey 


r+xX,—x, rte, © 


+ 


.... (18.225) 


The first member of the series gives the interaction of the dipoles, the 
second of dipole with quadrupole, the third quadrupole with quadrupole etc. 
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We shall only consider here the dipole-dipole interaction. The total energy 
will thus be 
E = (py? + f,?)/2m + k(x,” + x9?)/2 — 2e%x,x,/r° 
.... (18.226) 
In order to solve this equation we shall introduce new coordinates u, and 
u,, such that _ 7 
uy = (*, + %2)/V2 and u,= (x, — x9)/V2 
.... (18.227) 
then = 
%, = (4, + u,)[V2 and Xe= (u, — un)/V2 
.... (18.228) 
Substituting the new coordinates in place of x, and x, we obtain in place 
of equation 18.226 : 


Bm [acer +4(e— Zeer] + [Rat sale 2 


This expression corresponds to the energy of two oscillators a eee 
nant (t—*s) .... (18.230) 
nase ale (e+ 7S) ... (18.231) 

or from equation 18.104, | 
=e (i-B)=n 1 .... (18.232) 
os £(1+%5) = fl +i ... (18.233) 


The physical meaning of this result is that if before interaction both 
oscillators vibrate with a frequency », owing to the interaction the 
oscillators now vibrate with different frequencies, one greater and the 
other less than the original. 

If the zero point energy were originally given by 


B= hy|/2 + hoof/2 = hry .. + (18.234) 
now In accordance with equations 18.232 and 18.233 it will be given by : 
, __ Av 2e7\4 | hv Ze?) t 
E = ' (1 -F,) +3 (1 +55) ....(18.235) 
From the series formulae : 
(1 — a) = 1 — a/2 — a?/8 — 3/16 — ...... .... (18.236) 
and 
(1 + a)t = 1 4 a/2 — a?/8 + 23/16 — ...... .... (18.237) 
we obtain from equation 18.235 
U ef 
E’ = hy (1 — ams) -.. (18.238) 


Thus owing to the interaction, the potential energy has decreased and the 
system is more stable. On combining equation 18.238 with 18.219 the 
energy of attraction will be given by 


AE = hyya*/2r® +++ (18.239) 
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If the oscillators are not linear, the oscillations must be considered in 
terms of the component along the x, y and z axes and equation 18.225 
becomes : 


u = e?(x x. +9132 — 22,22)/r3 .... (18.240) 
E = — 3a°hv,/4r6 .... (18.241) 
SLATER and Kirkwoop® obtained an expression for the dispersion 


energy in terms of the polarizability and the number of electrons in the 
outer shell NV :- 


and 


b= — oa a .... (18.242) 
This expression may be obtained by inserting the value of ») from equation 
18.220 in 18.241. 


ENERGY STATES OF AN ELECTRON GAS 


We wish to calculate the energy of an electron gas in a cubic box of 
side L when over the whole space of the box the potential is zero whilst 
at the surface of the box it becomes infinite, remaining so everywhere 
outside the box. 

Let us consider first the simplest case of an electron moving in one 
dimension, along the x axis. The Schrédinger equation is : 


d? 822m 

a4 +o Ey = 0 .... (18.243) 
and its solution is given by 

yb = sin (87?2mE/h?) . x .... (18.244) 


In the particular case under consideration, it is necessary to impose certain 
conditions on the wave function yf since the electron is enclosed in the box 
and may not pass outside it. The wave function must therefore become 
zero at the surface of the box, and such functions must therefore have an 
integral number of nodes in the length L. Hence, 


(S22mE/h2)* = no/L .... (18.245) 
where n = I, 2, 3,..- 
Then = 
= V3/L . sin (nx/L) .... (18.246) 
where 1/2/L is the normalization coefficient, 
and 
E = n*h2/8mL? .... (18.247) 


For the general case of three dimensions, the Schrédinger equation has the 


form : : 
Ca ae dy, deh | Baim 
ox? dy? § 922 | fh? 
with the boundary conditions that ¥ = 0 whenx = 0,x = L,y = 0,7 = L, 
z=O0,z=L. 
The solution of the equation is 


Es’ = 0 ... . (18.248) 


8. mnyX 6s ANY 8s MN gZ 
= {—.sin——. sin . sin — sea Sse 
i ; 7 L (18.249) 
where nj, n, and n, are quantum numbers. 
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The energy may have the values 
E = (n,? + n,? + n,?) h?/8mL? ... (18.250) 
or since L§ = V 
E = (n,? + n,? ++ ng?) h?/8mV2/8 .... (18.251) 
In each state corresponding to a particular set of values for the three 
quantum numbers, a maximum of two electrons may be accommodated 
according to the Pauli principle. Since there are three quantum numbers 


It is possible to have different states with the same energy value, 1.e. the 
states are degenerate. Thus n,? +n,” + nj? = 6 when 


n, =2 Ny = 1 n,=1 
ny =1 Ny = 2 ng = 1 
= no = 1 Ny = 2 


The various energy levels for the electron in a box are given in Figure 86; 
along the ordinate the values of (n,? + n,* + n,?) are shown and p gives the 
degeneracy. We now wish to calculate the maximum energy that any 
electron may have 1.e. the energy of the highest occupied state and the total 
energy of all the electrons. Let us consider a lattice in which the distance 
between the points is unity (Figure 87); all the lattice points will thus have 
whole number coordinates. If the coordinates are n,, n. and ng, the energy 
of the state 1s 


h? 
E= Spe + ny® + 13”) 
All states of equal energy £ will lie on a sphere of radius 
(1,7 + ng? + ng2)t = (8mL2E/h?)4 .... (18.252) 
b=3 (332, 323, 233) 
p=6 (421, 142, 214, 412, 241, 124) 
b= 3 (331, 313, 133) 
Pb=3 (401, 141, 114) 
b=3 (332, 323, 233} 
“. p=6 § (321, 132, 213, 312, 231, 123) 
& 
+ p=1 (222) 
“s P= 3 (311, 131, 113) 
a p=3 (221, 212, 122) 
= p=3 (ati, 121, 112) 
Figure 87. Lattice for calculation 
3p—— per (1th) of energy levels 


Figure 86. Energy levels of an electron in a box 


We shall now find the number of states with an energy less than a certain 
value E and which will all lie within the sphere of radius given by equation 
18.252. As the distance between adjacent points is unity and the number 
of points within a sphere is equal to its volume, the density of the points 
will be unity. We are, however, not interested in all the points but only 
those for which all three quantum numbers n,, n, and ng are positive, 
since only such points express the quantum states. It is evident that all 
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such points will lie in an octant and that the number of such points will 
be 1/8 of the volume of the sphere of radius (8mL*E/h?)*. Hence we find 
that the number of quantum states with energies less than £ is : 


14. /8mL°E\3 8mL?E\ 3 
n= oq 7 ( a =F (| .... (18.253) 
and since 
L?= V 
we may rewrite this as 
_ wV (8mE\3 , 
i acl Aa ... (18.254) 


If Epox represents the maximum possible energy of the electron i.e. the 
energy of the highest of the occupied states, the number of states with 
energy less than Eyes is given by : 


= (a) 
We wish to obtain the minimum value of the energy of NV electrons, 1.e. 
the state when .V/2 lowest levels are occupied by pairs of electrons ; by 


doing this we can then compare the number of occupied states W/2 with 
the number of states with energy less than E£,,,,, 


N 2rV/8mE,.x\i 
z= 5 (at) a 
and hence 
Ena (SNNs 
ee 8m (37) .... (18.256) 


It is therefore evident that E,,,, depends only on the number of electrons 
in unit volume 7.e. V/V. The number of states from E to E + dE may 
be obtained by differentiating 18.254 with respect to E. We obtain: 

1wV ([8m\3 __ 

(RF) VE. dE 2. . (18.257) 


Since in each state there may be accommodated two electrons, the number 
of electrons in these states is 


V (8m\3 
2. | (a) VE.dE .... (18.258) 


The total energy of all the N electrons may therefore be obtained by 
multiplying 18.258 by £ and integrating from 0 to Enos : 


V (8 
T m\ 3 = oe 
E= |--(45) EVE. dE == NEnax .... (18.259) 
2 \A 5 
0 
and hence the total energy of an electronic cloud in its ground state Is 
BNA? (3N\ 3 
E= toa ee .... (18,260) 
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4-Nitro-2-naphthylamine 229 

4-Nitro-1-naphthylamine 229 

5-Nitro-1-naphthylamine 229 

m-Nitrophenol 282 

o-Nitrophenol 282, 283 

f-Nitrophenol 282 

2-Nitroresorcinol 282 

Nitrosyl compounds 366 

N-methylacridone 233 

N-methylketopeperidene 233 

Nonacosane 179 

n-Nonane 200 

Non-localized molecular orbitals 140 

Non-orthogonal integral 53 

Normalization 9 


OCTAHEDRAL holes 305 
n-Octane 200 

— heat of formation 243 
Operators 48 

Orbital, angular momentum 131 
— antibonding 130, 132, 135 
— bonding 130, 132, 135 
p-Orbitals, directional character 
Orbitals, hybrid 74, 75, 347 

— overlap 72 

s-Orbitals, spherical symmetry 72, 74 
Orientation energy 478 


72; 74 
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Orientation polarization 
Ortho effect 226 

— hydrogen 158 
Orthosilicates 336 
Overlap of bonding orbitals 72 
Oxanthrene, structure 235 

Oxides 154 

— crystal structure 329 

— dissociation energy 153 

— internuclear distance 153 

— of nitrogen, heat of formation 258 
— vibrational frequency 153 
Oxyacids, crystal structure 329 
o-Oxybenzophenc! 285 

Oxygen 22, 24, 200, 301, 343, 353 
— coordination number 330 

— dissociation energy 156 

— electron affinity 40, 156 

— heat of vaporization 262 

— molecule, molecular orbitals of 135 
— valency states 110 

a-Oxypyridine 233 

— dipole moment 278 

Ozone 210 

Ozonolysis of benzene 83 
——o-xylene 84 


193, 194 


PALLADIUM 27 

— oxide, crystal lattice 332 

Parahydrogen 158 

— percentage in hydrogen 161 

Paraldehyde 178 

Paramagnetism 

Paramagnetic susceptibility 350 

Partial valency 85 

Pauli exclusion principle 
131, 159, 304, 408 

Pauling’s method of islands 437 

n-Pentane 179, 200 

Pentane, heat of formation 243 

1-Pentene 239 

Periodic classification of the elements 16 

—law 16 

— table 30 

— — expanded form 31, 34, 35 

— — Mendeléeff form 32, 33 

Periodicity of properties of elements 36 

Peroxides 201 

Perturbation 47 

Perylene, resonance energy 246 

Phenanthraquinone, resonance 
230 

Phenanthrene, hydrogenation 93 

— resonance energy 246 

— resonance structures 93 

Phenol 254 

— resonance structures 

Phenyl iodochloride 221 

Phosgene 187 

— carbonyl group frequency 171 

Phosphorus, crystal structure 300 

— valency states 124 

Photoelectric effect 3 

Phthalocyanine, structure 185 


17, 18, 31, 61, 


structures 


121, 221 


498 


a-Picoline, atom polarization 196 
—— resonance energy 247 
f8-Picoline, atom polarization 196 
— resonance energy 247 

Planck’s constant 1 

Plutonium 31 
Polarity of bonds 
Poianzability 167 
— atoms 197 
—ions 198 
Polarization 
—aiom 196 
—dielectric 193 

— electron 193, 194, 195 

— induced 263 

— orientation 193, 194 

Polyelectron prob'em 434 

Potassium 27 

Potential energy curve 146 

—— —diatomic molecule 146, 147 
— —-— harmonic oscillator 146 

— —— hydrogen molecule 148 

— — surface’ 432 

Primary solid solutions 305 
Principal quantum number 
Principle of superposition 5 
Propagation of light, theory of 3 
Propane 179 

Propargyl chloride 187 

Proton affinity of ammonia 326 
Protonated double bond 396, 399 
Propylene 212 
Pyrazine 179 

Pyrazole, dipole rnoment 
Pyridine 179 

— atom polarization 196 
— dipole moment 229 
— resonance energy 247 
Pyrites 340 

Pyroxenes 337 

Pyrrole 179 


— dipole moment 278 


210 


193, 194, 197, 296 


2, 10 


278 


QUADRUPOLE 263 

— interaction 264, 266 

Quantum number 2, 10, 18 

Quenching of orbital magnetic moment 
354, 355 |. 

Quinoline, dipole moment 

— resonance energy 247 


Quinone 179 


229 


RAMAN EFFECT 163 

—- — applications of 178 

— spectra 188 

— frequencies of acetoacetic ester 178 
——— C=C, C=C and C=O bonds 


176 
— ——pnitriles 177 
Rare earths 27 
Ratio of valency electrons to atoms in 


alloys 


306 
Rayleigh scattering 164, 165 


Subject Index 


Refraction, atomic 201 

— bond 201 

— bonds involving hydrogen 199 

— -— — oxygen 200 

— inert gases 199 

— inorganic molecules 197 

— molecular 194, 199, 200, 202, 203, 204 

— — organic molecules 200 

——- — peroxides 201 

Relative strength of bonding and anti- 
bonding orbitals 135 

Relaxation time 194 

Resonance energy 83, 245-247, 252, 253, 
434, 440, 445, 446 

— benzene derivatives 247 


— calculation 

—— comparison of calculated values 449, 
450 

— covalent and ionic structures 100, 
105-107 


— heterocyclic compounds 247 

— nitrogen compounds 252 

— molecular 120 

— of valency structures 81 

Rheniun 31 

Rhodium 27 

Rhombic sulphur 300 

Rotational energy 144, 145 

—-—hydrogen 162 

— —orthohydrogen 160 

—— parahydrogen 160 

Rotational spectra 145 

— states 460 

Rubidium 27 

Rumer’s theory 436 

Russell-Saunders coupling 352 

Rutherford-Bohr theory of atomic structure 
1 

Rutile lattice 313 


Rydberg constant 2,9 


SALICYLALDEHYDE 285 

Salicylic acid 283 

Salt hydrates 383 

— — hydrogen bond in 387 
—-— stability 388 

Samarium 354 

Scandium 344, 346 

— electronic structure 26 
Schrédinger wave equation 6, 7, 46 
— — for hydrogen 7,9 

— — solution for H atom 452 
Screening constant 321 
Selanthrene, structure 235 
Selenium 39 

— crystal structure 300 
Semipolar bond 113 
Senarmonite, crystal structure 331 
Silica, crystal structure 314 
Silicates 334 

Sillimanite 338 

Silver 27 

— electron affinity 40 

— fluoride, crystal structure 324 
— iodide, crystal structure 325 


Subject Index 


Slater’s method for three electrons 409 
lum 27 

— bromide, interionic distance 190 

— chloride, electron density map 315 

— — interionic distance 190 

—— lattice 312 

— iodide, interionic distance 190 

Solid solutions, factors governing formation 
305 

Spectra, diatomic molecules 143 

—electronic 145 

—molecular 143 

— Raman 188 

—rotational 145 

— vibrational-rotational 

Spherical coordinates 12 

Spin of electron 17 

— quantum number 18 

— wave function 61 


145, 163 


s-States 10 
p-States 10 
d-States 10 
f-States 10 
Sulbene 179, 181 


— resonance energy 246 

Stokes lines 164 

Strontium 27, 38 

Styrene, resonance energy 246 

Subhalides of alkaline earth metals 328 

mueee compounds, dissociation cnergy 
261 

Sublimation, heat of 262, 264, 302, 303, 
308, 309 

Sulphamide, polymerization of 126 

— structure 126 

Sulphides, crystal structure 339 

Sulphite ion, structure 123 

Sulphur dioxide, structure 123 

— electron affinity 40 

— hexafluoride 124 

— trioxide, structure 

— valency states 122 

Symmetric wave function 62, 159 

Synthesis of new elements 31 


123 


Tatcum 338 
Tautomerism 82 
— keto-enol 178, 253, 254, 284 


Tetrachloro-p-quinone 196 


Tetrahedra] holes 305 
— lattice 295 
Tetrahydrofuran 179 


Tetralin 86, 204 
Tetramethylammonium iodide 
Tetramethylbenzene 179 
Tetramethylethylene 181 
Tetramethylmethane, heat of formation 


14 


243 
Tetraphenylhydrazine, dissociation of 97 
Thallium 38, 328 
— crystal] structure 302 
Thianthrene 235 
Thiele’s theory of partial valency 85 
Thioethers, resonance structures 122 
Thiophene 179 


499 


Three electron bond 

——problem 408 

— — system, spin states 411 

Tin, crystal structure 301 

— monoxide, crystal structure 

Titanium 344, 346 

Toluene 212 

— atom polarization 196 

— resonance energy 246 

p-Toluidine, heat of neutralization 249 

Transition elements 31 

— — magnetic moment of salts 354 

Transitional electron cloud 106, 107 

— structure 55 

Transuranium elements 31 

Triacetylacetone derivatives 391 

Trialkyl phosphines, oxidation 125 

Triboranetriamine 404 

Trichlorbenzene 350 

Trimethylamine 189 

— oxide, dipole moment 278 

2,2,4-Trimethyl pentane, heat of formation 
2 

ia Trin itrobievigene 196 

Triphenyl methane, dipole moment 

— resonance energy 246 

Triphenylmethyl 95 

Trouton’s rule 237 


138, 258 


332 


278 


UNCERTAINTY principle 8 
n-Undecane 200 

Ungerade molecular orbitals 130 
United atom viewpoint 131 
Uranium 31! 

Urea 182 

— carbonyl group frequency 171 
— crystal structure 311 


— molecular and bond resonance’ 120 


VALENCE bond structures, weights of 205 

Valence states of second period elcments 
121 

Valency angles 224 

— —distortion of 396 

— —from electron diffraction measurements 
183 

— — in carbon compounds 

— definition of 108 

— oscillation 163 

— range of values 361 

—states of atoms involving d_ electrons 


75, 78 


343; 345 
— structure of elements 107 
—— values 73 


Valentinite, structure 332 
Vanadium 344 

— electronic configuration of 26 
Van der Waals’ forces 262, 266, 296 
—radius 264, 267 
Vaporization, heat of 262 
Variation method 47 

Vector addition of bond moments 
Vibration, harmonic 144 

— modes of 163 


206 


500 


Vibrational energy 144 

— frequency 151, 153, 155, 156, 172 
—— aminoacids 174 
——-carbenyl group 169, 171 

— —carboxylic acids 171 
— — ethylenic compounds 174, 175 
— — multiple bonds 168 

—~ — polyatomic molecules 163 

— states 466 

— -rotational spectra 
Vinylacetylene 213 


145, 163 


WATER, atom polarization 196 

— heat of formation 111 

— heat of vaporization 262 

—structure 311 

Wave equation 4 

— — Shrédinger 6, 7, 9, 46, 452 

— function, antisymmetric and symmetric 
62, 159 

— functions for hydrogen atom 11 

Wavelengths of particles from de Broglie 
equation 4 

Weight of structure 55 


Formula Index 


Weight relative of valence bond structures 
207-209, 217 
Wurtzite lattice 312, 313 


XENON 27 

— heat of vaporization 262 
X-ray spectra of elements 1 
o-Xylene, ozonolysis 84 

— resonance energy 246 


YTTERBIUM 346 
Yttrium 27 


ZEOLITE 338 
Zero point energy 
Zinc 27, 346 

— blende lattice 295, 296, 312 
— chloride 353 

— crystal structure 302 

— group 3! 

— sulphide 340 

Zirconium 340 


1475 330 


FORMULA INDEX 


Ag 38, 40, 303 
Ag,Al 306 
Ag,Al, 306 
Ag,Al, 306 
AgBr 324, 325 
AgCd 306 
AgCd, 306 
AgCl 324, 325 
Ag(CN);- 369 
AgF 324, 325 
AgH 153 
Agl 324, 325 
AgMg 306 
[Ag(NHsg)3]* 384 
AgO 153 
Ag,O 330 
Agsi5ng 306 
AgZn 306 
AgZng 306 
AgsZng 306 
Al 25, 37, 40, 303 


349 
AIB,H,N(CHs),; 406 
AIB,H,; 406 
Al,Brg 406 
AIBr,°(C,H,),O 270 
AlBr,‘C,H,NO, 270 
AIBr,*-H,S 270 
Al(CsH,O3)3 392 
Al;(CH,),Br, 406 
Al,(CHs),Cl, 406 
Al,(CHs), 406 
AIC] 261 
AICl, 327 
AICl,° C,H, 272, 273 
AICl],°C,H,NH, 270 


AlCl,°(C,H;);O 270 
AlCl,‘ (C,H,;),CO 270 


AICI],°C,H,NO, 270 
AICl,;°C,H,OCH; 270 
AICl,°CIC,H,NO, 270 
AICl;°H,S 272 
AICl,;NH, 272 
AICl],* NO,C,H,CH,; 270 
Al,Cl, 406 

AIF, 327 

AIH 153 

Al,I, 406 

AIN 340 

AlO_ 153 

Al;O, 330, 331, 341 
Al(OH)3 333 

AIP 340 

AlSb 340 


Al,siO, 338 
Am*1 31 
Ar 25, 40, 197, 199, 309 


As 73, 190, 256 
As, 151, 155, 340 
AS + 


Formula Index 501 


AsS,8-_ 334 Ba 23, 37, 38 
Au 38, 40, 303 Ba’+ 198 
Au,Al, 306 Ba, 152 
AuCd, 306 BaCl 328 
AuCl,- 379, 380 BaCl, 327, 328 
AuCl, 385 BaH 153 
AuCl, 356 BaO 153, 330 
AuCl,~ 379, 380, 381 BaS 339 
AuH_ 153 BaS, 73 
AuHeg, 306 BaTiSi,O, 337 
Au(NH,),Cl, 384, 385 Be 22, 23, 37, 40 
[Au(NHs),]** 384 Be*+ 105, 198 
AuZn 306 Be, 152 
AuZn, 306 BeAISiO,(OH) 336 
Au,Zn, 306 BesAl,Si,0,_ 337 
Be(BH,), 406 


Be(BH,);N(CH;),; 406 
BeBr,°2(C,H,;);O 270 


B 22, 23, 37, 40 BeCl 261 

Bt 107 BeCl, 109, 261, 327 
B- 107 BeCl,°2(C,H;),O 270 
B, 151 BeF, 327 

BBr 261 BeF,?- 334 

B(CHs)3 75, 397, 398 BeH 153, 155 
B,(CHs), 398 BeH+ 155 

BC) 261 BeO 153, 330 

BCI, 109, 327 Be,O(CH,COO), 182 
BCl,-CH,CN 270 BeS 340 
BCl,-C,H;CN 270 BeSe 340 
BCl,°(C,H,),;O 270 BeTe 340 

BF, 272, 327, 397 Bi 73 

BF,°(CH,),;O 270, 271 Bi, 15! 
BF,°(C,H;),O 270, 272 BiH 153 
BF,°C,H,OCH, 270 BiO 153 

BF,°C,H,O 272 Br 40, 41, 190 
BF,°NH, 383 Br~ 198, 199 

BF,- 110, 334 Br, 100, 150, 151, 189, 205 
BH 153, 154 Br,7* 162 

BH, 395, 396, 397, 398, 403 BrCl 100 

BH, 396 BrOs~ 334 

BH,~ 11 


BH,CO 18a, 183 


BsH,(NH,)s 403 C 22, 23, 40, 190 
(B,H,)*- 403 Ct 107 

BH, 288, 395-398, 403, 495, 406 C- 107 

(BH,.)?~ 405 Cy 151 

(BKH.)(NHa)e 405 CBr, 350 

(B.H,)‘— 405 C,Br, 179 

B,H, 405 C,Br, 350 

ByHio 399; 403, 405 CCI,F, 187 

BH, 399, 403 CCI,F 187 

BH, 400, 403 CCl, 43, 112, 187, 211 
BeHo 400, 403 C,Cl, 187 

BeHi3 401, 403 C,Cl, 350 

ByoHi¢ 402, 403 C,Cl, 187 

BN 155 CD 157 

B,NH, 404 CF, 187, 327 

BsNsH_ 117 C,I, 179 

BsN3;H, 404 CH 149, 153-155, 157 
BO 153 CH+ 155 

BO,*- 334 CH, 95, 168 

B,O, 339 CH, 43, 75, 76, 181, 199, 211, 239, 242, 
B,O,(CHs)3 118 244, 309, 310 
B(OH): 333 C,H, 163, 168, 181 
B(OC,Hs), 110 C,H, 96, 168, 18: 


B(OC,H;),~- 110 C,H, 168 


79, 75, 95, 168, 219, 239, 288, 310 
79, 176, 180, 212, 213, 245, 265 


174, 212, 265, 288 
168, 265 

75s 239, 288 

180, 246, 265 
i175, 213, 246 


85, 176, 180, 202, 212, 245, 246, 288 
181 

78, 174, 212-214, 244, 265, 288 

168 


75» 239, 288, 289 

289 

180, 250 

180, 212, 214 

176, 202, 212, 214, 245 
174, 244 

168 


75» 239, 288 
8 


23 
81, 84, 180, 202, 213, 246, 247, 265, 


86, 246, 247 


176, 202, 203, 212, 245-247 


78, 174, 246, 247 
239, 266 
95, 96 


212, 214, 219, 224, 265, 268 


176, 202, 212 
174 

239 

212, 224, 231 
86, 175, 202 
84, 212, 265 
174, 176 

174 

239 

176, 212 

175, 202, 212 
176 

174 


239 

86, 91, 203 

86, g1, 202-204, 212 
QI, 202, 212 
212 

239 

175, 203 

202, 212 

202 

239 

180 

203, 265 

203 

202 

203 

239 

203, 212, 214 
202 

QI, 93, 180, 203 
92, 43, 180, 202, 203, 212 
93-95, 203 

94, 202 

2.03 

202 

203 

202 


C,H,BrCl 288, 290 


CHCl, 75, 112, 187, 350 
CH,C), 75s 187, 216, 350 
CH;Cl 187, 215, 216 
CHC],F 187 

CHCIF, 187 

CH,CIF 75, 187 

C,HCl 217 

C,HCl, 187 

C,H,Cl, 187, 217, 265 
C,H,;C) 119, 175, 187, 265 
C,H;Cl, 75, 216, 288 
C,H,Cl, 216, 288-290 
C,H,Cl 215, 216 
C,H,Cl, 187 

C,5H;Cl 187 

CH;Cl 383 

C,H,Cl 175, 215 
C,sH,Cl, 216 

C,H;Cl 75, 215 

C,H,Cl 75, 215 

C,H,.Cl, 187 

C,H;Cl, 187 

C.H,Cl, 187 

C,H,Cl 119, 187, 219, 220 
C,H,Cl 213 

C,H,,Cl 215 

C,H,Cl 223, 225 
C,H,Cl 225, 226 
C,,H,,Cl, 99 

C,H,.D,O, 273 

CH,F, 75, 187 

CH,F 187 

C,H;F, 216, 288 

CH,I, 350 

CH,I 268 

C,H,I 175 

C.H,I 225 

C,H,ICl, 225 

C,H,ICl, 221 

CH,Li_ 112 


Formula Index 


» 223, 225, 247 


Formula Index 


CH,N 168, 208, 219, 288 

CH,N 265 

C,H,N 177, 183, 184, 219, 251, 267 
C,H,N, 186 

C,H,N, 184 


C,H,N 209, 265, 288 

C,H,N 175, 202, 219 

C,H,N 219, 267, 268 

C,H,N 739 184, 206, 209, 265, 383 
C,H,N, 184, 288, 290 

C,H,N 180, 183, 184, 202, 219 
C,H,N_ 219, 267 


C,H,N 183, 184, 247, 277 

C.H,N, 232, 233 

C,H,N 21g 

C,H,N 121, 219, 221, 225, 247, 248 
CoHisN, 75, 184, 332 

C,H,N 177, 219, 220, 224-226, 247 
C,H,N 225. 249 

C,H,N 177, 225 

C,H,N 229, 268 

C,H,,N 228 


C,H,,N* 127 
CyoH,,N 228 


satTigNg 185 
C,H,NBr 228 
C,)9H,,NBr 228 
C,H,NCI] 224, 225 
C,HyNI 114 


CH,NO, 168, 184, 215, 219, 220, 267, 383 

CH,N,O 120, 171, 182-184, 252, 253, 
273, 310 

CH,NO_ 188 

C,H,NO 168 

C,H,NO, 78, 174, 182, 215, 267, 273 

C,H,N,O 178 

C35H,NO, 174, 215, 267 

C,;H,NO 189 


C,H,NO, 174, 215 
C,H,N,O 252 
C.H,N,O, 252 
C,H,NO 232, 233 
C,H,N,O 252 
C,H,NO, 252 
C,H,,NO, 173 
C,.H,N,O, 227 


C,H,NO, 121, 128, 177, 219, 220, 224-226, 
247, 268 

C,H,NO, 228, 282 

C,H,NO, 282 

C,H,NO 232 

C,H,N,O, 225, 226, 228, 248 


C,H,NO 233, 248 
C,H,,NO, 252 


C,H,NO 286 
C,H,NO 252, 297 
C,H,NO, 225, 285 


C,H,NO, 228 
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C,H,NO, 252 
C,H,NO,y 228 
C,H,oN,O, 228 
C,H,,NO 228, 252 
CwH,,NO, 228 
CioHsN,O3 229 
CioH},;NO, 228 
CyoNigNO, 228 

1H,NO, 228 
C,,H,NO 228 
C,,H,NO, 222 
C,,H, NO 116 
CisHioN;O, 227, 228 
C\;H,;,NO 228 
C,;H;,NO, 228 
Ci3HigN,O, 228 
C,,H,,\NO 252, 285 
C\3H,i,N,0; 228 
CsH,2N,O 252 
C,,H,,NO 232, 233 

4wH,,NO, 252 
C,,H,,N,O, 228 
C,,H,,NO 228 
C,,H,;,NO, 228, 286 
CieH,.N,O, 228 

wH yN,O 228 
CyeHi2N.O, 234 
C\.H,;N,O, 233 

atl,NO; 252 
CygHy,NeOis 234 

sH,NO,Br 225, 228 
CioH,,NO,Br 228 
CH,NOCI 172 
C,H,NO,CI 174 
C,H,NO,Cl 174 
C,H,,NO,Cl 174 
C,H,NO,Cl 223, 225, 226 
C,H,NO,I 225 
CH,N,S 183, 184, 253 
C,H,NS 253 
C,,H,,NS 232 
C,H,Na_ 112 
CHO, 171 
CH,O 182, 217, 218, 265 
CH,O, 78, 171, 182, 241 
CH,O 168, 206, 207, 215, 219, 239, 265, 

266, 288 
CH,O, 171, 201 
C,H,O 79, 182 

8 


7 

78, 182, 217-219, 265 

C,H,O, 171 

273, 274 

73, 110, 206, 207, 215, 219, 239, 
265, 266, 288 

C,H,O, 201 

C,H,O+ 110 

C,H,O 176, 202, 218, 265 

CysH,O 174, 178, 215, 
265, 288 

C,H,O, 241, 268 

C,H,O 215, 239, 265. 288 

C,H,O, 201 

C,H,O, 79 

C,H,O 73, 119, 120, 180, 231, 249 


217; 253, 254, 


291 

176, 202, 217, 219, 265 
84, 250 

249 

174, 175, 217 

73, 178, 278 

273 

215, 239, 265, 272 


175, 254, 285 
178 
113 
215, 239, 273 
179 


121, 21Q, 221, 225, 247, 254 


273 
178 


215, 239, 272 


C,H,O 219, 221, 247 


C,H,O, 


247, 282 


C,H,O 219, 225, 268 


C,H,O; 


231, 232 


239 
173, 228 
231 

235 

219 
172, 228 
232 

285 
230 


C,H,O,F, 273 
CHO,Na_ 78, 182 
C,,H,OS 232 
C,,H,;,OS 232 
C,H,S 265, 288 
GWHS 73 


C,H,y)S 122, 265 
C.H,S_ 180 
C.H,.S 219 
CoHy,S 265 
C,,H.S, 235 
sHyoS 219 
ef1gSO, 128 
C,,H,Se, 235 
137, 155 


Formula Index 


CN, 180, 183, 184, 200, 252 
CO 27, 44, 112, 136, 137, 153-155, 168, 


182, 200, 266, 309 
CO+ 137, 155 


CO, 79, 113, 163, 182, 200, 249, 263, 


152 
Ca;Al,Si,O,, 338 
CaB,O, 338, 339 
CaCO, 182 
CaC}, 327, 328 
CaF 261 


CaF, 261, 313, 314 


Cdl, 315, 329 
Cd(NH;),Cl, 384 
[Cd(NHs)3]** 384 
CdO 330 

Cd(OH),; 333 

CdSe 340 

CdTe 340 

Cl 25, 40, 41, 190, 433 
Cl,+ 155, 156 

Cl~- 103, 107, 198, 199 


Cl, 100, 102, 103, 150, 151, 155, 156, 189, 


205, 296, 309, 433 
C),*> 162 


ClO 25, 73 


Co(CO),NO 366 


CoCl, 329, 355, 356, 386 


CoCl, 356, 385 
[Co(CN),]*- 378 


Formula Index 
[Co(CN),]*~ 378 


[Co(NHg).]** 386 
Co(NHs),Cl, 
[Co(NHs).]** 386 
Co(NH;),Cl, 385, 386 
CNG ee 355 
Co(N3H,)sCl, 355 
Co(N,H,);SO,;H;O 355 
Co(NO;),.2~ 368 
CoO 


359, 364 
Cr(NH,).Cl, 384, 385 
CrO_ 153 

CrO,*- 334, 355) 357 
Cr,O, 

Cs 37, 33, 197, 303 
Cs+ 198 


Cs, 69, 151 

CsAuCl, 

CsBr 102, 318, 320, 323 

CsCl 102, 103, 314, 315, 318, 320, 323, 


327 
CsF 318 

CsH 152, 153, 154, 329 
CsI 102, 103, 318, 320, 323 
Cu 27, 36 40, 303 


3 
CuCl) "325, 328, 356 
CuCl, 356, 385 
Cu,Ga, 306 
Cu,Ge 306 
CuH 153 
Cul 325 
Gu(NH,@H,COO), 
Cu(NH,),Cl 386 
Cu(NH;),Cl, 385 
CuO 153 
CuO 313, 330 
CuS 340 
CuSO, 356 
CuSO,5H,O 388 
Cu,Sn 306 
Cu,Sn 306 
Cug,Sn, 306 
CuZn 306 
CuZn, 306 
Cu,Zn, 306 


389, 390 


D, 157, 158, 162 
Cl 


157 
DI 157 


595 


F 22, 23, 40, 41, 190 
F- 105, 198, 199 

F, 135, 151, 296 

Fe 27 

FeAs, 340 

FeAsS 340 

FeCl; 329, 353, 356, 370, 372, 373, 386 
FeCl, 356 

Fe(CN), 370 
{Fe(CN),]*?- 378 
[Fe(CN).]‘~ 343, 378 
Fe(Co);(NO), 367 
Fe(CO),.?~ 365 
Fe(CO),H; 

Fe(CO), 359, 361, 362 
Fe,(CO), 359, 362 
Fe3(CO);3 359, 364 


FeF, 357 
FeH_ 153 


Fe(H,O),Cl, 386 
Fe(NH,),Cl, 386 
Fe(NO), 366 
FeO 330 

Fe,O, 331 
Fe(OH); 333 
FeS, 340 
FeSbS 340 
Fe,SiO, 336 
Fe,Zn,, 306 


GeO 153 
GeO, 330 


H 20, 40, 41, 68, 190, 197, 432 

H+ 108 

H-~- 107, 108, 198 

H, 44, 45, 69, 76, 102, 103, 133, 151, 155, 
157, 205, 263, 432 

ad 45» 133, 155 


HBF, 110 
104, 153, 199, 206, 264, 266, 309 

HCI 76, 104, 133, 153, 155, 157, 199, 206, 
264, 266, 309, 327 

HCl+ 155 

HCN 219 

H,CN, 183 

HD 157 

HF 104, 153, 154, 199, 206, 276 

HI 104, 153, 154, 157, 199, 206, 264, 
266, 309 

HIO, 273 


HNO, 188, 258, 259 
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H,;O 72, 73, 74, 76, 111, 199, 206, 207, 


265, 266, 361 
H,O, 20! 
H,O+ 103, 111, 199 
H,PO, 124 
H,PO, 124 
H,PO, 124, 125 


H,S 73> 74, 122, 199, 206, 210, 265 


H,S, 256 
H,Se 73, 74 
He 20, 40, 68, 197 
He, 134 
He,t 134, 142 
HeH 68 

Hg 37, 38, 40 
Hg, 15! 
HgBr 261 
HgBr, 261 
He(CHy)3 346 
HgCl 261 
HgCl, 261 
Hg(CN), 369 
HgH 153 
HgHal, 211 
HgI 261 
HgI, 261 
HgS 340 
HgSe 340 
HgTe 340 
Hf 30 


I 40, 41, 190, 197 
I- 198, 199 

I, 300, 150, 151, 205 
IBr 100, 102 

ICl 100 


InO_ 153 
Ir(CO),H 365 
IrO,; 330 


K 37, 38, 190, 197, 303 
K+ 198 


K, 69, 100, 15! 

K,B,H, 405 

K,B,H, 405 

K,B,O, 338, 339 

KBr 100, 102, 103, 318, 320 


KCl 102, 103, 318, 320, 321, 327 


KCo(CO), 366 

K,CO(CN), 378 
K,Co(CN), 378 

K,CrO, 356 

K;Cr(CN), 375, 376 
K,Cr(CN), 376 

KF 318 

K,Fe(CN), 370, 373; 376, 382 


Formula Index 


K,Fe(CN}, 343, 370-373, 370 
K,Fe(CO), 366 
KH_ 153, 329 

F, 273 
KI 102, 103, 318, 320 
KIC], 381 
KMg;(OH)3(AISi1;0}9) 338 
KMn(CN), 373 
KsMn(CN),. 373, 375 
K,Mn(CN), 373, 374 
K,Mn(CN), 374 


KMnQ, 350, 355, 356 


K,NaCo(NQ,), 368 
K,N i(CN a 378 
KN (CN) 379 


K,W(CN),_ 376 
asf 3827, 197, 199, 309 


La 27 

LaO 153 

Li 22, 23, 37, 40, 41, 190, 197 
Lit 105, 198 

Li, 69, 76, 134, 151 
LiBH, 406 

LiBr 318, 320 

LiCl 102, 318, 322, 327 
LiD 157 

LiF 100, 318, 327 

LiH = 152, 153, 157, 329 
Lil 318, 320 

Li,O 330 


Mg 23, 25, 37, 40, 303 
Mg?+* 105, 198 

Mg, 152 

MgCl, 327, 329 
MeF, 327 

MegH 153 

MgO 153, 330, 339 
Me(OH), 333 
Mg;(OH),(Si,0;5) 338 


7 
MnCl, 329, 356, 374 
MnCl, 356 
MnCl, 358 
Mn(NH;),Br, 386 
MnO 330 
MnO, 330 
MnO,” 334 
Mn(OH), 333 
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MnSO, 386 Ni(CO), 182, 359-361, 365 
MoCl, 355 Nii 153 

MoCl, 355, 357 (Ni(NH3),JSO, 379 
[Mo(CN).]°~ 377 NiO _ 330 
Mo(CO)._ 359 Ni(OH)s 333 
MoF, 356 NigZNng, 306 
MoF, 355, 359, 357 Np?*? 31 

MoO, 330 Np?*8§ 31 
MoO,*- 334 Np??? 31 

N 22, 23, 40, 190 O 22, 23, 40, 190 
N~ 107 O- 107 

Ny 44, 76, 102, 103, 134, 136, 137, 151, O7" 105, 198, 199 
155, 156, 162, 205, 296, 309 Os 44, 135, 138, 142, 151, 153, 155, 156, 
Ng* 137, 155, 156 205, 256, 296, 309 
NF, 210, 327 O,* 137, 155, 156 
NH_ 149, 153, 154 QO, 188, 210 
NH,OH 168 O, 256 
NH, 72-74, 76, 114, 115, 199, 206-209, OD 157 

265, 266, 361, 383 OF, 73, 327 
NH,* 114, 115, 199 OH 153, 154, 157 
NH,Br 326 OH- 199 
NH,Cl 319, 326 OsCl, 357 
NH,F 273 Os(CO),H, 365 
(NH,)3FeF, 370, 382 Os(CO), 359 
NH,HF, 273 Os,(CO), 359 
NH,I 326 OsF, 356, 357 
NH,N, 273 OsO, 330 

NaH, 257 OsO, 356 
NO 44, 137, 138, 142, 153, 155, 168, 224, 

258, 309 
NO+ 155, 156 
NO, 258 P 25, 40, 73, 190, 256 
NO,~ 334 P, 151, 340 
NO; 258, 259 Py 257, 300 
NO,~ 116, 189, 259, 334 PBry_ 73, 74; 209 
N,O 257, 258 P(CH;)s 73 
N,O, 257, 258 PC], 73, 74, 261 
N,O, 258 PCI], 261 

N,O, 258 PF, 73, 74; 327 
N,O, 211, 258, 259 PFCl, 73 
NOC] 44 PH 153 
Na 25, 37, 40, 199, 303 PHs 73, 74, 199, 209 
Nat 105, 198, 388 PH,AlHal, 272 
Na, 69, 100, 102, 151, 189 PH,CuHal 272 
NaAlSi,0, 338 PI; 73, 74 
NaAlSi,O, 338 PN 155 

NaBr_ 102, 318, 320 PO 153 

NaCl] 100, 102, 150, 314, 315, 318, PO,e- 124, 334 
320, 327 P.O, 332 

NaD 157 PyOig 332 

NaF 44, 318, 327 P,O.S, 332 

NaH __ 153, 157, 329 Pb, 15! 
NaHCO, 273 PbCl, 328 
NaHF, 273 PbC), 328 

Nal 102, 318, 320, 322 PbH 153 

NaK 100, 102 PbI, 329 

Na,O 330 PbO 153, 330, 332 
Na,SO,10H,O 388 PbO, 330 

NbO, 330 PbS 340 

Ne 22, 23, 40, 197, 199, 309 PbSe 340 

Ne, 135 PbTe 340 

Ni 27 Pd 27 

NiCl, 329, 356 PdO 330, 332 


(Ni(CN),J*- 378 PtAs, 340 
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Pt(CH;),;Cl 381 


[PtCl,J*- 381 
PtP, 340 


Rb 37, 38, 303 

Rb+ 198 

Rb, 69, 15! 

RbBr_ 102, 103, 318, 320 
RbCl 102, 318, 320, 327 
RbF 318 

RbH = 153, 329 

RbI 102, 318, 320, 323 
Re;(CO) 9 


uO, 330 
Ru,(CO), 359 


S 25, 40, 190, 256 
Sy, 107, 198 
Ss 151, 340 
Ss; 73» 300 

Cl, 73 
S,Cl, 210, 260 
SF, 124 


SO, 122, 200, 210, 260 
SO, 123, 200, 210, 260 
SO,*- 122, 334 

SO,- 387, 388 


SO,(NH;),; 126 
SO,(NHAg), 126 
73, 190 


SbO 153 


ScO 153 
Se 73, 190, 256 


Formula Index 


SiH, 199, 211 


SiN 155 
SiO 153, 154, 330 


SiO, 200, 314, 315, 330% 335s 336, 339, 241 
(SiO;)?- 337 


SnCl,-C,H,CN 270 
SnCl,-2C,H,COCH, 270 
SnH_ 153 


SnO_ 153, 330, 332 
SnO, 330 


Sr 23, 37, 38 
Sr, 152 
Sr?+ 198 
SrCl_ 328 
SrCl, 327; 328 
SrH_§ 153 
SrO_ 153, 330 


TiO 153 


TiCl,-C,H,CN 270 
TiC],°C,H,CN 270 
Tl 37 

TIBr 328 

TIC!l 328 


Formula Index 
T1Cl, 327, 328 
TIH 153 

TII 328 


W(CO), 359 


Xe 197, 199 


153 
ZnO 312, 330 
Zn(OH), 333 


ZnS _ 315, 340 
Z 


